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TECHNICAL NOTE 2505 


ON THE ATTACHED CURVED SHOCK IN FRONT OF A 
SHARP-NOSED AZLALLY SYMMETRICAL BODY 
PLACED IN A UNIFORM STREAM 
By S. F. Shen and C. C. Lin 

SUMMARY 


The flow behind the attached c\irved shock near the nose of an 
axially symmetrical body placed in a uniform stream is investigated by 
considering the perturbations from the initial Taylor -Mac coll conical 
solution. The first-order perturbation yields the ratio between the 
initial radii of curvature of the shock wave and the body. When higher- 
order perturbations are included, a regular shock wave near the nose leads 
to a body shape which has a logarithmic singularity at the nose. It 
seems, therefore, that, for a given regular body, the shock-wave shape 
probably has a singularity at the vertex, although the initial radius 
of ctirvature remains finite. 

Numerical results are obtained for the first-order pertxLrbation 
eqviations, covering the cases with initial semlvertex angle ©g = 10°^ 

20°, and 30°, each at five different Mach numbers ranging approximately 
from the minimum one for an attached conical shock to a value around 5. 

For each value of there is a critical Mach number, very close to 

the miniimim one for an attached conical shock, below which the ratio of 
curvatixres becomes negative. This Mach number has been conjectured by 
Crocco in the two-dimensional case as the probable starting point for 
the detached shock wave. Its significance is discussed here on the basis 
of recent works by Thomas. The variation of the ratio of curvatures with 
Mach number is found to be of the same nature as that in the two- 
dimensional case, though the extent is much larger. 

INTRODUCTION 


The problem of the curved shock in two dimensions was first dis- 
cussed by Crocco (reference l) in 1937- Recently, papers by various 
authors (references 2 to 5) again indicate the current interest in the 
relation between the curvatvireB of the shock and the body.' Lin and 
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Rublnov (reference 5) treated the flow behind curved shocks from a 
general vlet^point by expanding the hydrodynamic al quantities behind the 
shock into Taylor series in Cartesian coordinates. They indicated that, 
by so doing, many problems in the axially symmetrical case could be 
solved in parallel with the two-dimensional ones. Nevertheless, when 
the curved shock is caused by a shasrp-nosed body of revolution, singu- 
larity of the expansion is encoimtered at the nose and a different 
method should be applied. 

This report represents an investigation of this particular problem, 
namely, the flow in the neighborhood of the sharp nose of a body of 
revolution, by means of a perturbation scheme. The difficulty arising 
out of an expansion in Cartesian coordinates is avoided by using polar 
coordinates. The relation between the initial curvatures of the shock 
and the body is thus obtained. On reaching the siirface of the body, 
the first-order solution shows a logarithmic singularity at the initial 
semivertex angle, thereby apparently limiting the applicability only to 
concave bodies. It is suspected, however, that this difficulty actually 
arises from the asymptotic representation of the solution as used in 
this report and that the application of the result to convex bodies is 
permissible if the actual solution satisfies certain continuity condi- 
tions. It also appears from the asyinptotic solution used in this 
report that, when high-order approximations are included, a regular 
shock wave would require the body behind it to have a singularity, pre- 
sumably logarithmic in nature, at the nose. Conversely, this means 
that, if the body is representable by a regular function, the shock-wave 
shape might have a logarithmic singularity near the nose. The curvature 
of the shock iroiild, however, stand in a finite ratio with the curvatirre 
of the body. 

Numerical Integrations have been carried out for the first-order 
perturbatlops for bodies with semi vertex angles 10°, 20°, and 30° and 
a number of free- stream Mach nimbers up to around 5. The variation of 
the ratio of the initial radii of curvature is found to be similar to 
that in the two-dimensional case as computed by Thomas (reference 3) or 
Munk null Prim (reference 4). A critical point beyond which the ratio 
of curvatures becomes negative likewise exists, such a point in the two- 
dimensional case being pointed out by Crocco (reference l) as the prob- 
able limit of an actually attached shock wave. 

The results of this report perhaps have significance as being the 
first step in clarifying the general problem of flow past an arbitrary 
body vrlth an attached shock wave. On the practical side, its immediate 
application is to Improve the accuracy of the usual method of charac- 
teristics by starting it by means of numerical con^jutatlon at points 
away from the troublesome axis of symmetry. I'/hen the initial Taylor- 
Maccoll solution gives s\ib sonic or partially subsonic flow behind the 
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shock, the method of numerical integration hy means of characteristics 
will fail to have any starting point. The present solution, if its 
validity is substantiated hy experiment in this range of mixed subsonic 
and supersonic flows behind the shock, may then be used to determine 
approximately the sonic line, from which subsequent calculations may 
be made in the usual manner. 

This investigation was carried out at the Massachusetts Institute 
of Technology under the sponsorship and with the financial assistance 
of the National Advisory Committee for Aeronautics. 

The authors are indebted to Professor Z. Kopal and his staff in 
the Center of Analysis, M. I.T., for the numerical computations in this 
report . 


SYMBOLS 


0 ,r 

u,v,p,p 

c 

U,pO,pO,MO 

^0'>^0'’Po^Po 

u^v,p,p 

UpVpPpPi 

^n^^n^Pn^ Pn 
R 


polar coordinates in a meridian plane 

velocity components in r- and ©-directions, pressure, 
and density, respectively 

"limit" velocity, a constant for isoenergetic flow 

free- stream velocity, pressure, density, and Mach 
number, respectively 

Taylor-MaccoU solution for initial vertex angle 

perturbations from initial Taylor-Maccoll solution 

factors depending on 9 in first-order perturbations 

factors depending on 0 in nth-order perturbations 

velocity components at the shock in tangential aufl 
normal directions, respectively 

radius of curvature 

angle between shock wave and uniform stream 
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8^f S^ 
^kl^^k2^ • * • 



^kl^^k2^ * * * 


Subscripts: 


coefficient functions in d±fferential equations for 
first-order perturbations 


nondimensional representation of u-j^^ and 

respectively 

regular part of coefficient functions Fj_, ¥2^ and 
so forth throu^out interval of 6 


coefficient functions in differential equations for 
(k + l)th-order perturbations 

regular part of coefficient functions a^ad 

so forth throxighout interval of 9 


s,w 


quantities evaluated at body surface and shock wave, 
respectively 


s 


o^^o 


quantities evaluated at vertices of body surface and 
of shock wave, re ^actively 


PEHTDEBATION EQUATION AND IDS BODHDARI COHDITIOIIS 


Consider a sharp-nosed body of revolution placed in a uniform 
stream in the direction of the axis of symmetry (fig. l). In the 
neighborhood of the vertex, the shape of the body differs but slightly 
from that of a cone. One- may therefore try to find a first-order per- 
turbation to the well-known Taylor-Maccoli solution (reference 6), to 
be valid near the vertex. In view of the conical nature of the initial 
solution, it is logical to use spherical coordinates with the polar 
axis along the axis of the body. The surface of the body is represented 
by 0 = 0s(r)j the shock wave, by 0 = 0^(r). The velocity components 

in the r- and 0-directions are denoted by u and v, respectively. 

The free- stream velocity is denoted by U, the pressure, by p°, and the 
density, by p°. The conditions immediately behind the curved shock 
are denoted by the subscript w and those on the surface of the body, 
by the subscript s. Needless to say, the flow behind the shock wave 
is still isoenergetlc, thoiigh not irrotational. . 
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With the introduction of polar coordinates^ the equations of 
motion are: 


Sr r ^0 r P Sr 


(1) 


Sv ^ V Su j uv _ : _ 1 
Sr r S 0 r p r Ss 


( 2 ) 


The equation of continuity is 


(pu) + — ^ (pv) + 2 + El cot 0 = 0 (3) 

Sr r S0 r r 


In addition there is Bemou3J.l’s equation for Isoenergetlc flow, 

_?2_ P , ^2 - u2 - y2 
r - 1 p 

Where c is the "limit" velocity, remaining constant throughout the 
field of flow, and 7, the ratio of specific heats. Equations (l) 
to (4) govern the four dependent variables p, p, u, and v. As is 
usually assumed, the solution rteirts with the Taylor-MaccoU solution 
for a cone of semivertex angle eq\ial to the initial angle 9 ^^ of the 

body. One tries to build upon it small perturbations to bake care of 
the subsequent curvatiire. Consider then a perturbation scheme by 
writing 


u = Uq(0) + u(r,0) 
V = Vq(0) + v(r,0) 
p = Pq( 0) + p(r,0 ) 
P = Pq(®) + P(r,0) 


(5) 
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In equations ( 5 ) Uq, Tq, Pq, and Pq are the Taylor-MaccoU solu- 
tion mention above. They satisfy the relations 


duo 

de 


Vo 


= 0 


( 6 ) 



( 7 ) 


_d^ 

dd 


(PoVq) + 2PoUq 


+ PqVo 


cot Q 


0 


( 8 ) 


The harred quantities are the pertvirhations. Substituting equation ( 5 ) 
into equations (l) to (l^), one obtains a set of equations involving Uq^ 
Vq, and so forth, together with their perturbations. With the assump- 
tion of smal.]. perturbations, the qiladratic terms of the perturbation 
quantities may be neglected and the following equations result: 


1 Su ^ ^o 

7 Sr ° r ae “ r 



S2-|P = o 


( 9 ) 
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One may try to find solutions of tlie form 


u = pi(r)ui(e) 


V = ^2(r)v]^(e) 

p = 33(r)pj^(e) 

where P3_(r), ^ ^ 3 ^^^ approach zero with r. This restric- 

tion is to ensure that the flow will approach the Taylor-MaccoU flow 
near the vertex, for all values of 0 . After introducing this form of 
solution into equations (9) to (ll), in general. 


Pl(r) = 32(r) = p^Cr) = r^ 


where n is any positive nxmiber. For the Immediate neighborhood of 
the vertex, it suffices to tahe the lowest value of n satisfying the 
■boundary conditions. It then turns out, on assuming 'both the "body and 
the shock shapes to have finite initial curvatures, that the only pos- 
si'bllity to satisfy the boundary conditions is to take n = 1 (cf. equa- 
tions (23) to (33))j that is. 


Pj^(r) = p^Cr) = P3(r) = r 


( 12 ) 
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so that 


u = ruj^Q) 

V = rv^(0) 

p = rp3^(0) 

The requirement on P 3 smal 1 values of r Is 

automatically satisfied^ arul the solutions thus obtained should be valid 
asymptotic solutions for small values of r. Equations ( 9 ) to (ll) for 
the perturbations then reduce to a set of ordinary linear differential 
equations: 


( 13 ) 


du. 




+ v^ — i - v^Vi + -^ P3^ = 0 


Po 


(1^) 


7-1 '^'^1 /l 7 - 1 ^ <iPo'\ 1 <i^l 

7 ^ d0 ^ ^^^7 7 Pq <3-® / ^ 7 

V L + i ^ - 2^ I2. ££o\ 

° 7 d0 7 Po / 


^Po dpi Pq Pq 4Pp _ ^ 

p^ d0 Pq2 Pq d0 


(15) 


dvi /dp, 


3PoUi Po — ^ Po c:ot 0 


A 4P1 

/ ° d0 




dVr 


Pl(3uo + — + ■^o cot ej = 0 


.) = 


( 16 ) 


These equations may be put Into the standard form of first-order 
linear differential eqTiations for easier discussion, namely. 
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dvj 

— = + Vl + ^ 3^1 


(18) 




where the I" s, G* s, and H' s are all functions of 6 , containing the 
conical solutions Vq, and p^. Explicitly, 
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As for the ho-undary conditions to he satisfied by the complete flow, 
they may he divided into those at the shock wave and that at the body 
svirface. At the shock wave 0 = 0-yj-(r), the variables u, v, and p 

should be connected to the uniform stream by the well-known shock con- 
ditions. At the body surface, the resultant velocity shoxild be tangent 
to the body. Consequently, for the perturbations u^, v^, and 

the following conditions must hold: 


(rui,rvi,rpi)g^^ = (u^ 



In condition (23), care must be taken to interpret correctly the exact 
meaning of the right-hand side. With reference to figure 2, the quan- 
tities u^^, Uq, and so forth are to be evaluated, strictly speaking, at 

point B, which is at an angle 9 -^^ to the axis of symmetry and at which 


- ^^^w - ^o^Pw - P( 


>)e=( 


(23) 


w 
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the shock wave is at an angle with the' uniform stream. It is now 

assumed that the shock-wave angle has no infinite curvature or higher- 
order derivatives and, therefore, is expressible as 


Also, 


da 

e^ = e + r 

”0 dr 


w 


+ o(r) 


, , r de„ 

= aw + tan“l 

dr 


fl 4. T’ 

®w + ^ — 
dr 


(25) 


(26) 


For smal 1 values of r the shock conditions at B are therefore 
o'btalned by 


u 


w 


s; u, 


e=a 


w 


w 


du^ da^ 
+ 2r — ^ — ~ 
0=0^ d\jf dr 


0=0wr 


( 27 ) 


and sim i lar expressions can be obtained for v^. and p^. The argument 
for the determination of Uq, Vq, and Pq at a = a^ nans along the 

same line. It may be noted that the conical solution is no longer 
regarded as only valid between the conical shock wave and the initial 
vertex angle of the body, but its validity has been extended analytically 
to the entire region with boomdaries computed in reference 7. 


Thus, from the values at polpt A lying on the line 9 = 9 -^^ and 
having the same radius vector r as B, the values of u^, and so foorth - 
at B may be evaluated. There follows. 




0=0 




w 


0=0 


Wo 


r 


d0 dr 



(28) 


and similar expressions can be obtained for Vq 
that in the conical solution at 0 = 0Vo> 


and Pq. Remembering 




'w 


= Vr 


Pw " Po 
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one may reduce condition ( 23 ) to 


or 




d^ 

dr 




Since r Is assumed to "be a small parameter and the exceptional case 
of Infinite curvature Is excl\ided, the boundary conditions as stated 
above may actually be satisfied at 0 = Instead of 0 = 0^^ for 

the left-hand side. Hence the final form Is 



Condition (24) at the body surface may likewise be put Into a more 
explicit form. Assuming now that near the vertex the body shape may be 
written as 


d0g 

0g = 0 Sq + r + Higher- order terms 

dr 


then 


(30) 


0=0 f 


0=0 


+ r 


So 


d0 -dr 


e=0sp 


0=0 


So 


( 31 ) 
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since Vq =0. As a result 

U—USq 


= c/l . i 

V“o + L\ "“o “ ' '^Je=e 


By omitting the higher-order terms, the condition at the "body 
surface finally reduces to 


(h\ = fi 2. 

\Me=e»„ \ e=£ 


Eegarding the problem now as an initial-valtie problem, one sees 
that from eqtiation (29) the initial values of the variables are propor- 

. . . . de^,| ....... . . ..... 


tional to 


df 0=e. 


, and the final value of Vt^^Uq reached at the 


body as given by equation (33) is proportional to 


dx 0=0, 


It there- 


fore may be concluded that, because of the linearity of equations (17) 

/ s d0g d6w 

to (19)^ the qioantities and are simply propor- 

dr .0=080 ^ 0=evo 

tional to each other. Restricted to the neighborhood of the nose, the 
first derivative d0/dr in fact may be Interpreted as the curvature. 
For, from elementary calculus. 


1 _ dijr _ 
R ds " 


2 M + r 

dr ± 1 ^ \dr/ 
L \dr/_ 


as r 


The right-hand side of equation (29) involves derivatives of the 
oblique shock conditions and the conical solution. The explicit expres- 
sions can be easily obtained. Resolving the velocity behind shock into 
tangential and normal components with respect to the shock (fig. 3) it 
may be readily verified that, as r — > 0, the following are true: 
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1 „ 

dTjr d.i{f 


V 


(34) 


dv, 


V 


dijr 


^<111 1 

+ — Uw 

di 2 


( 35 ) 


where ^q^^di}r nni^ dq^jd^r may he derived from the standard shock rela- 
tions as 


dijf 


= -U sin 


( 36 ) 


= U cos ilf 
dijf 


2(r - 


r + 


21 . £l 

1 Pw 


( 37 ) 


The variation of density with shock angle is simply 

.2 


1 *^Pw /Pw 

pO dijf 


- 

"W (7+1 


cot I|r 


)(m°)^ sin^ 


( 38 ) 


The conical solution is tabulated in detail in reference J. Maccoll 
(reference 8) has expanded the solution near the cone surface 0 = ©Sq 
as 


^o 


= 1 


(« - «So)' 


cot 6 


Sr 


(e . 03^)3 . 


COt^0So ^ 




3(7 - 1) 


1 - 


("So)‘ 




- ®=o)' 


COt^0So 


0 ■581=1 + 37 - 77 (”°°)^ 

ia(r - 1) 




cot 0 


So 


(« - 


+ • • • 


( 39 ) 
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where usq stands for the value of Uq at 6 = 63^. The series forms 
for Vq and Pq may be derived by substituting equation ( 39 ) Into the 
differential equations. Also known Is the fact that the conical solu- 
tion Is analytic for a range of 6 larger than the closed Interval 
This knowledge Is Is^jortant because In formulating 

boundary conditions (29) and ( 32 ) the analytlclty of the conical solu- 
tion has been used. In other words. In taking the derivatives du^^dQ, 
and so forth, both the shock wave and the conical body surface are con- 
sidered to be absent and the conical solution Is extended beyond the 
range 0^0 = ® = ®Sq* 


INTEGRATION OF PERTURBATION EQUATIONS 


In view of the proportionality of 


d 0 s 

dr 


0=0 So 


and 



dr 


e=0wo 


con- 


cluded from the formulation of the boundary conditions, eqmtlons (17) 
to (19) are to be put Into nondimenslonal form by using the Initial 
radius of ciirvature R^ of the shock wave as the characteristic length, 

the "limit" velocity c as the characteristic velocity, and the free- 
stream density p° as the characteristic density. Let 


I = 


2R^Ui 


n = 


SRwVi 


t = 


2 Vl 


Then, equations (17) to (19) may be rewritten as 


I’ = 






5 + + 


m 



l6 
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Tl’ = gil + 82^ + 83^ 


m 


V = 


e - e 


1 I + hgti + - — ^ t 


So 


e - 6s , 


(^) 


The functions f, and h are easily identified hy comparing 
with equations (20) to (22). The results are: 


fl = (9 - 0 So)Fi 

f2 = ^2 

f3 = £(e . S3^)P3 


81 " =1 


»1 = |o{8 - 8so)Hi 


% 


= 


83 = - G3 




h 3 = (e - eso)S3 


1(^3) 


A factor {q - 0so) here multiplied, hy F^^ and because 

it is recognized from equations (20) and (22) that each of these func- 
tions has a pole at 0 = 6bq, where Vq varies as 0 - 0g^, The func- 
tions fj^, and so forth are made regular for easier discussion. 

The boundary conditions now become: 


I = 2 


d(uw/c) 


d(\io/c) 


dilr 


h^=0wo 


d0 


0=0 


Wo 


q = 2 


d(vw/c) 


^(^ oA ) 


di}r 


kr=0. 


Wo 


d0 


0 = 0 . 


V at 0 = 0 


Wn 


Wr 


m 


& = 2 


(Pw/P°) 




dilf 




d0 


0 = 0 . 


Wr 
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USo/c 



1- ^ ^Sq/c\%o 

Us^/c de yRs^ 



at 9 = Bp. 


(^5) 


since 


<i(v6o/c) 

de 

Uso/c 


"by equations (6) and (39)* Here Rg^ is the initial radius of curvature 

of the hody surface. Since the functions f, g, and h are known only 
in the form of numerical data such as those presented in reference J, 
integration of equations (4o) to (^) generally can only he done by 
numerical process. With given 0g^ and one starts from the initial 

points represented by equations (Ml-) and integrates stepwise until 
0 = 0 Sq is reached. The value of t] then bears out the ratio of the 

radii of curvature by equation (^5)- 


The appearance of poles at 0 = 0 Sq in some of the coefficients 

of g and 5 in equations (4o) to (42) indicates that singularities 
are to be expected in the solutions. As is well-known from the theory 
of differential eqtiations (see, e.g, , reference 9) the singularity here 
is in fact a "regular" one. If the solutions are assumed to be of the 
form 


^ = (e - eso)°i’(®) 
r\ = [e - 0So)°'Q(®) 
? = (0 - 0so)°^(0) 


where P, Q, and R are analytic at 0 = 0 sq, the exponent a may be 
determined from the indie ial .equation of equations (4o) to (42): 


flO - a 


UO 


0 


-a 


0 


■30 

0 


^30 


- a 


= 0 


(h6) 
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in which. ^30^ ^10^ ^30 values of the functions f^, 

ftTK^ h^, respectively, at 9 - 6^^. Hence 



^10^30 


" ^30^10 


0 


= 0 


(^7) 


It is easy to verify that, based on equation ( 39 ) ^ 



JO 2 

2Pso ^so 

7-1 ^®o 

272 Pso 


m 



j 


By svihstitution of equation (W) into the indicial equation {h6) , the 
latter becomes 


a 



= 0 


with roots 0, 0, and l/2. Consequently, the solutions near the singu- 
larity are of the form 
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^ <” n+ — 

' ' L- “In(® - ®So)“ + LL '=Sn(8 - «=o) + 

n=0 n=0 


00 

los (0 - Sso)H - %)“ 


n=0 


n 








> m 



It may te noted that t) is one degree higher in 6 - in the series 

with coefficients hn and Cq, because of the nature of equation (4l). 
This fact is fortunate because the logarithmic infinity at 6 - 0Sq in 
the solution of t] is thus eliminated, leaving a finite value for the 
ratio of the radii of curvature. The logarithmic terms in | anri ^ 
are more troublesome. Although the actual pertmrbations are given by 
rui and rp^^ (or r| and r^), at the point 0 = 6bq the perturba- 
tions are small only if r logg (0 - 0so) — >■ 0* the body is concave, 
that is, 0 ^ 0gQ, and is assumed to have a finite initial curvature, 
there is obtained 


r 


s 



- 0Bo) Higher-order terms 


(50) 
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Evaluated at the tody surface, the cojrObinatlons and rp]_ obvi- 

ously go to zero. The formulation of the boundary condition (^5) is 
still valid, and one obtains a finite ratio Rwq^Rsq for each value 

of 0 Sq srd free- stream Mach number MO. Qn the other hand, if the 
body is convex, the region of flow involves both 0 - 0 sq > 0 and 
0 - 0 sq < 0. The assumption of perturbation breaks down at the 

point 0 = 0 Sq and the procedure adopted above reqTOires further exami- 
nation. A discussion of this point will be taken up in the section 
"Numerical Results and Discussion." Consider for the moment, then, 
only bodies concave near the vertex. 

Of all the coefficients in the series solutions (^), only three 
may be chosen to fit the boundary conditions. In order to obtain the 
recurrence formulas for the rest, expand first 



and so on. By substituting into equations (to) to (to), the following 
equations are derived: , 




^lO^Si ^ii^lo ^ 31 *^^ ' '^li “ ^ 


(52) 


* V,(n-2) = ° 

(n = 2, 3^ ^^ • • • ) 
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Z+m=n 




> (53) 


Z+m=n-l 


Tjm 


Tin 


(n = 1 , 2 , 3 , . . .) 


^10^10 ■‘‘ ^30^^0 “ 


^10^11 ■*■ ^11^50 ■*■ ^30^^1 + ^31^^0 - = ° 


,n (^lZ=lm + T~ 

Z+m=n ' ' T LJs=?r o 


(5^) 


Z+m=n -2 


^T]m “ 


(n = 2^ 3^ • • • ) 


+ ^30^^0 “ 2 ^^0 = ° 


^10^ iL ^11^50 ^30^?1 ^31^^0 - § ''=’11 - 0 


(^IZ^&m + ^3Z^?m) - (n + + f2\(n-2) = ° 


( 55 ) 


.) 


(n — 2f 3} • • 



22 


MCA TW 2505 


- ^ Kn = 0 


sio^So + 230^10 " 2 ^0 


SlO^ll 2u^|0 ■*■ ®30^tl ■*■ ®31^C0 ~ 2 \l'*’ ®20^ti0 


* i)\n * £ , %2 


= 0 


2+m=n 


l3 = 0 

Tin , i - Tim 

* l+m=n-l 

(n = 2) ‘3^ • • • ) 


^10^50 ^30^^o ' 2 ^^0 "" ° 


\o^ll ^11^ so ^30^51 ^31^50 ~ 2 ° 


in - 2, 3, • • • 


"*=50 ■*■ ^10^50 ^30®^0 " ° 


Y1 (^ 12 ®^ * 

2+m=n ' 


= 0 


32®'^m) ■ " ‘^Ih ^2®ti(n-l) 

(n = 1; 2f 3f • • •) 


H (Sll^Sm * «3zV •" ®2iv) ■ V ■ 

2+m=n \ = * 


^ (56) 


t (57) 


u 


> (58) 


0 


(n = 0, 1, 2, 3, . 


. .) (59) 
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z+Sfi ^ * 


,H ^iHm - ®?(n+l)<“ * 1 ) = 0 
z+m— n 

(n = 0, 1, 2, . . . 

In getting nearer to 6 = 63^ the method of numerical Integration may 
become inconvenient. The series forms are to take over from there on 
to Indicate the behavior of the various quantities. The first three 
coefficients in the expansions (51) are given in appendix A. 

In spite of the fact that logarithmic singularities occur in 
both 5 ^ near the vertex, the omission of quadratic terms of 

the perturbations in the derivation of equations (9) to (u) does not 
lead to inconsistency when the body is concave. For, it is clear that 
each quadratic term will be one degree hi^er in r in comparison 
with the linear terms. As in the discussion following equations (^ 9 ), 
one may put r proportional to 0 - ©Sq along the body. Then the 

same arguments may be used to Justify the omission. 

The logarithmic nature of the solution does lead to other compli- 
cations. First, one would suspect that a regular shock curve does not 
lead to a regular body shape, and vice versa. It has been show, how- 
ever, that the ratio of the initial curvatures is finite (cf. equa- 
tion ( 45 ))* Singularities are revealed only when higher derivatives 
are investigated (see appendix B). Another conplication is associated 
with convex bodies. The logarithmic singularity of the solution 
apparently prevents one from applying boundary conditions on the body, 
as pointed out above. This difficulty presumably comes from the 
inadequate knowledge of the mathematical nature of the solution and 
the improper method of representation. The representation may in fact 
be interpreted as an asymptotic one and is shown to lead to useful 
results only in a region bounded by a curve of the -nature of equa- 
tion (50) . There is reason to suspect, however, that the ratio of 
cTirvature calculated for concave bodies also holds for the convex case. 
Mathematically speaking, the asymptotic representation of a function, 
as has been adopted in this report, is known to exhibit rather fre- 
quently singularities which are absent in the function itself. For 
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extensions of the present results to convex 'bodies ^ it is only necessary 
that the quantity ^6 have a un i que value for 9 = at the 

vertex in the exact solution. For, the value of S© evaluated 

hy following a path along the hody surface would he proportional to the 
curvature of the hody, while the present method of calculation gives a 
valid result if the path satisfies the restriction (50), say. If these 
are the same, the above calculations hold with only a reversal of the 
signs of and Rsq^ ratio would not he changed. Physically, 

one may also expect that a change of the hody curvature one way or 
another would produce similar changes at the shock. To he sure, these 
arguments are not conclusive, and the application of the results to 
convex bodies must he taken with reserve. On the other hand, one should 
note that if ^^/Sr S© does not have a unique value for r = 0, 

® = ®Sq^ stepwise integration hy the method of characteristics will 

also req-uire careful examination. A thorough investigation of the 
mathematical nature of the solution is indeed very interesting and very 
much desired. 


HUMERICAL RESUIT3 AUD DISCUSSION 


Numerical integrations have been carried out for the perturbation 
equations as outlined in the preceding section. Bodies with initial 
semivertex angles Qbq = 10°^ 20°, and 30° are considered with the 

free- stream Mach number ranging approximately from the minimum one for 
attached conical shock wave to a value around It is found that both 
I and ^ remain manageable practically up to the hody surface. Since 
their values near the hody surface are not needed for the deteimlnation 
of the ratio of the curvatiores, the series forms (49) were not used. 

The quantity q approaches a finite value at the hody surface and is 
easily determined in the stepwise integration. Table 1 gives the coef- 
ficient functions F, G, and H as well as the values of the variables 
dtiring the integration of the various cases. In the computation, Kopal' s 
tables (reference 7 ) have been used as the correct conical solution. 

The coefficient functions are computed to four places in most cases and 
in appropriate small steps. The final value of q at the hody surface 
is of particular interest. After conversion to the ratio of the initial 
radii of curvature according to equation ( 45 ), the results are listed 
in table 2 and plotted as figure 4 . 

Variation of curvature ratio ‘with Mach number M for 

given values of © 3 ^.- It is seen that, for given values of Obq) as 
the Mach nimiber decreases from a fairly hi^ value the ratio Rwo/^So 
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tends to increase until a maylTmim is reached. Further decrease of the 
Mach number causes the ratio to come down rapidly, and at least in one 
case = 20°, M = 1.2l6) the computation actually gives a negative 

value at a quite low Mach number. With smaller values of ^sq, the rhtio 
exhibits a more violent change with Mach number in comparison with the 
cases of larger values of 0 sq> though qualitatively the tendency is simi- 
lar. As is well-known, the conical flow neeir the nose may he completely 
subsonic, completely supersonic, or a mixture of the two. The Mach num- 
bers determining the different regimes for the present 63 's are taken 
down from reference 7 and marked in figure for comparison. At first 
one might surmise that perhaps the ratio of reaches its meixinaun 

at the end of the supersonic regime, comes down in the mixed regime, and 
goes into negative values when flow becomes congiletely subsonic. This 
turns out not to be the case. 

Zero point of ratio Rwq/Rso*" zero point of the ratio 

lies very close to, though is not exactly coincident with, the critical 
Mach number below which a completely subsonic flow prevails. On the other 
hand, it does not seem justifiable to conclude too much in this respect. 

The vanishing of ^Vo/^o ®®ans gin infinite curvature of the shock wave, 

which may be recalled to be contradictory to the assumption in deriving 
the boundary conditions (cf. equation (25)). Consequently, the effects 
of higher-order terms will enter in deciding the radius of curvature. 

Indeed, a similar phenomenon has been found in the two-dimensional case 
and investigated to some extent by variotis authors. Crocco (reference l) 
was the first to notice the appearance of a theoretical negative curvature 
ratio in two-dimensional shocks. He conjectured that detachment might 
start at this stage because of the unlikely physical picture. Guderley 
(reference 10) studied the behavior of flows qualitatively by examining 
the hodograph plane. For a straight wedge with a shoulder, he claimed 
that the shock would start with infinite, but not negative, curvature when 
the wedge angle lies beyond the Crocco point. The solution for a curved 
wedge was assumed to be similar in nature to that of the straight wedge 
with a shoulder. Recent works by Thomas (references 11 and 12) further 
indicate that as soon as a subsonic regime begins to appear behind the 
shock, the shock must exhibit a singular behavior, even though the body 
is of regular shape. The axially symmetrical case is even more complicated. 
As a matter of fact, the assumption of a regular shock -wave shape near the 
vertex is likely to be untrue for all Mach numbers, according to an inves- 
tigation presented in appendix B. The present results in the subsonic 
range must therefore be interpreted with reserve. The zero point is seen 
to occur only when the flow behind the initial shock is entirely subsonic. 

Comparison with two-dimensional case . - A comparison of the results 
in the supersonic regime with the corresponding ones in two-dimensional 
flow over a wedge may next be made. Thomas' results (reference 3) ai'e 
converted into the notations adopted in this report and plotted as fig- 
ure 5- The general tendency is seen to be similar. For larger Mach 
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niunbers the difference in the ratio of cuiwatures in the twD cases 
becomes small. As the lowest Mach number for attached straight shock 
is higher in the two-dimensional case, deviation is large for the 
loirer Mach ntnnbers. The variation of the ratio of curvatures is also 
much less violent than in the axially symmetrical case. For instance, 
for = 10°, the ratio of curvatures reaches a maximum of 4.5 in 

the two-dimensional case hut goes beyond 40 in the axially symmetrical 
one. 


Experimental data have not been available to the authors for 
checking the theory. The -greatest interest, besides checking the , 
theory for its applicability to concave bodies, is, of co\irse, the 
extension of the results to convex bodies. The behavior in the sub- 
sonic regime requires more theoretical study as well as a thorough 
experimental investigation, for which the technique is admittedly much 
more difficult as the delicate natiare of transonic flow enters the 
picture. It is hoped that a comparison with experimental data may 
soon be made to evaluate the usefulness of the report. 

On the report Itself, the theoretical difficulty of the singular 
point at d = 6 bq and the exact nature of the higher-order perturba- 
tions deserve further examination. If the first-order perturbation, 
as presented here, is found to agree well with experiments, more com- 
putation is needed for a conclusive knowledge of the variation of 
jB.g . The curve for ©Sq “ ^ figure 4 can only be regarded 

as tentative because of the small number of computed points and the 

violent variation. At least one or two intermediate values of 9~ 

®o 

between 10° and 20° should be computed so that interpolation may become 

possible for practical purposes. The limiting case for M° >00 is 

also of sufficient interest to be Included in any subsequent computation. 


Mas sachus setts Institute of Technology 
Cambridge, Mass., June 21 , 1949 
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APPENDIX A 

COEFFICIENTS IN EXPANSION ( 5 l) 

The first three coefficients in expansion (51) are as follows; 
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gll = 0 



ggO = -cot eso 


= 2 cot 0gQ CSC 20g^ + 


4 

7(7-1) 



®22 


-cot 0g 


2h + (2/7) 
7 - 1 



+ csc^0 



g 


30 


27-1 p° '^Sq 

7 Pso c 


S3I 


= 0 


ggo ~ 


pO ^80 


32 c 


47-1 


- 2 cot^0„ + 4 cot 0„ CSC 200 + 




-87 + 20 - (10/7) 
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P° 1 - 


hii = — — -^2i ^ cot Sg 

P° 1 . (u3//c2) 


1 ^ “Pq/^ 2 + lOy 

7 P° 1 - (ua//p2)[ r - 1 

( 8 / 3 ) - 67 “pq^/p^ 


- i cot^0- + 


^20 


2 *^gp ^®o|g 

X-(ua,^/c^) 


h2i 


8 Pgp ^gp/° 

7 - 1 P° 1 - (ug^ 2 /c 2 ) 


cot 0g 


1, = 2 67^ + 67 + ^ ^Sq 

^ P° 1 - (ugQ^|c2) (7 - 1)2 1 _ (ub^2/c2) 
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— i cot ©s 

k-7 ° 


7-1 

27 


-1 - I + 


87^ - 


28 
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APPENDIX B 

FURTHER DISCUSSION OF PERTURBATION SCHEME 
AND SINGULARITY AT NOSE 


If a better approxlmatioii is desired, it J.B necessary to look into 
the nattire of tbe perturbations more closely. Still using the polar 
coordinates, assume now that each hydrodynamic quantity is representable 
in a series expansion as follows: 


00 

u/c = T^(0) 


n=0 


v/c = YZ. 
n=0 


P = 

n=6 


(Bl) 


(B2) 


(B3) 


while equation (4) serves as the relation among p, p, u, and v. 

The conical solution and the pertiorbation ( 13 ) may be interpreted to be 
the first two terms of the above series. One then may calculate: 


Sr 



p_rii 


(b4) 


Se 



^0n^ 


(B5) 



(b6) 
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where 



^ ^ CL , ^ '^■7'^ 1 

2 ^+1 . \ 1 m 1 mj 

^ ^ r. 

- 2 ‘^M-1 f 

Z+m=j ' U 



(BT) 




P * 

Z+m=J i 



(B8) 


P-o 


1_ 

Po 


E 

Z+m=n 


,P = 0 

■ i m 


(n ^ 0) 




(B9) 


the primed quantities being the derivatives with respect to 0. It 
can be shown that the expression for in equation (B9) is^ in 

general^ of the form 


P.t = ,E^ fk!(Po)P2Pm t®' 

with fkz(Po) faction of Pq only. After substitution into the 
fundamental equations (l) to (3), -tBere follows by equating the 
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coefficients of the kth power of r a set of equations for the 
(k + l)th-order perturbations: 

^ ''i(v ° 


Y1 + 1) + Y1 RK ^m’) + W-zl = 0 

2+m=k 7.4-Tn=V4.i ' hi 


Z+m=k+l 




In more explicit form^ equations (BH) to (BI 3 ) may he rewritten 


„ „ , ^ k7 + 1 27-1 - , Po 

VoUk+i + — - u^uj,+i — + (k + l) — = 


Qlk(^''^o^ Po-> * • •■’^k^^k^Pk) 


^^k+l' + 'V'o - Uq ^j^k+1 + ^ ^o 




■^k+l’ + 


^k+1 + — Pk+l' - 
Po 


Po pQ * / V 

O 2 Po *^+l ~ *^V^o->''''o^Po^ ' ' • ■»^k^‘'^k^Pk) 

^o 


(Bll) 


(B12) 


(BI 3 ) 

as 


(Bl4) 


(BI 5 ) 
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3h 


(k + 3)uv+i + 


'k +1 ''k +1 


’ + ®)^k+l + ^ Pk+l' + ^ (k + 3) 

\^o / l_Po Pq 


~ cot = Q 3 k(^.Vo,Po, . . 


(B16) 


vhere Q^k^ Qpy, and Q^jj. contain the lower-order functions. The 

Q functions turn out to he zero only for the zeroth- (the conical) and 
the first-order functions. However, in the general discussion of the 
kth-order solution, it is only necessary to pick out the terms with 
strongest singularity. 

Ageiin, equations (Blk) to (BI 6 ) may he put into standard form in 
parallel with the previous study. Thus, 


^k+l' ^ ^kl^k+1 ^k2^k+l 

^k+l’ = ®kl^k+l + ^^k+1 + 

Pk+l’ = ®klVl ^^k+1 


^k3Pk+l ^,k 

(BIT) 

^3Pk+l ^,k 

(B18) 

^Pk+1 ^^,k 

(BI 9 ) 


where the A’ s represent combinations of lower -order fTonctions, and 
the coefficients F, G, and H are given in the following expressions; 


■kl 


k7 + 1 


7 Vc 


^k2 " y 


^k3 = - 


k + 1 Po 


O Pr 


(B20) 
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The point 0 = 0Sq Is seen to remain a pole for the coefficients 

^kl-> ^k3 ^ first-order perturhation. Proceeding 

along a similar line^ one writes down the indicial equation for the 
index ctjj. as 


^kl,0 " “•k 

0 

^,0 


-ajj. 

0 


0 

^k3,0 - °k| 


= 0 


(B23) 


where fjjj^j and so forth are the values of the regularized functions 
(e - and so forth (cf. equation (46)) at 0 = 0 sq. Hence, 


- °k(^kl,0 + ^k3,o) + ^kl,0^k3,0 “ ^k3,0^kl,(^ = ° (®24) 


It is found hy using equation (39) that 


4» _ k7 + 1 

^kl,0 - 


“^k3,0 


^,0 - 


k + 1 


Psr 




(ky + l )(7 - 1 ) Psq '^sq 
27 ^ 




- (k + 1)(7 - 1) 

27 


(B25) 


The roots of the indicial equation (B24-) then are given as 


<ijj = 0, Oj 


2 k + 1 _ ^ 
2 "27 



NACA TN 2505 


37 


The last root is positive as long as 7 > , a condition which is 

2k + 1 

satisfied by any real gas. Thus the con^slementary function of dif- 
ferential equations (BI7) to (BI9) near 0 = may be put down in 

series form 



lose (S - «Bo) £ (B26) 


and so on. As in the first-order-perturbation case, the solution for 
vjji+i is again one degree higher in ^0 - ©Sq) 'the b and c series. 


In the complementary function, therefore, even for the higher-order 
fvmctions, nothing worse than a logarithmic term occiors. On the other 
hand, the particular Integrals associated with equations (BI7) to (BI9) 
due to the presence of the lower-order functions in the Q functions of 
equations (B14) to (BI6) have stronger singularities at 0 = 0g , 

because each lower-order function contains at least a logarithmic term. 
To see this, let equations (BI7) to (BI9) be transformed into the 
equivalent third-order equation for any of its variables, say 


^or been shown to behave worse near the singularity 

than Vjj.^.]_. Let Nj5.(tiQ,VQ,pQ, . . • 7ii]j.,V3j.,pjj) be the restatant non- 


homogeneous term, arising out of the Q functions through the trans- 
formation process. Then if '^k+1,2^ ^k+1,3 

complementary functions represented by the three series in equation (B26), 
the general solution is obtainable by a variation of constant method. 
Assuming the solution to be 


^k,l^k+l,l" ''^k,2"k+l,2^ ’'^k,3^h+l,3 
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one finds 




X2 




* ^(^k+l,3^^fc+lA) 

^(^+1, l^^+l, 2"^+l, 3) 

^ ^(^k+lA^^k+1^2) 

^(^+1, l>^k+l, 2^^k+l, 3) 


N d0 


If de 


N d0 


(B27) 


where W stands for the Wronskian. To study the behavior near the 
singularity, only the dominant terms are of importance. From equa- 
tion (B26) it is seen that near the singularity 

""k+1,1^ Constant, Ui.^i,2 ~ - ^80)“^ “^k+1,3 1°S (© - 0So) 
Hence, 


(^+1, 1^ ^k+l,2^^k+l, 3) 


1 

1 


- ®sor 

log (e - 0 g^) 

- .»=or" 

1 

e - 0 g 
®0 

(0 - 

1 

- ^=0)^ 

■ xat-3 


'0/ 



^■^(^k+l,l^^k+l,2) (0 - ^ 

^^(^k+l,2^^k+l,3) SJ (® - log (e - ©Sq) 

^(Vl,3"^+l,l) ~ (® " ^ 



NACA TW 2505 


39 


After substitution of these dominant terms in eqxiation (B27), there 
follows 





®6of loge - ®So)n de 


\,2^k+1^2 ~ - ®Sq) ^ J' ~ ®Sq) d0 

^k,3^k+l,3 ~ ^°®e “ ®So) ~ 


> 


(B28) 


It remains next to find out the singular behaviour of N in the 
neighborhood of 0 - 0 sq* ^ process to reduce to the standard form 
equations (BI 7 ) to (BI 9 ), the elimination of vj^+j' or P^+i' from 
equations (BI 5 ) and (B 16 ) involves a multiplication by Vq. Consequently, 


-^^,k “ Qlk/'^o 
^,k ~ ^Ik ^o^ 
^,k ~ ^Ik ’^o^3k 


> (B29) 


As Vq is known to vary as ^0 - 0g^j near the singularity, unless 

or contains terms of higher -order singularity than - ^Sq)^ 

the main contribution to the singularity of N will be Qiy. A closer 
examination reveals that the Q functions in equations (Blk) to (BI 6 ) are 
all combinations of products of the lower-order functions . With the knowl- 
edge that the v function is, in general, one degree higher in ^0 - 
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than the corresponding u or p fimction, the leading terms of the 
Q functions must he included in the following expressions: 



\ 


For 



l+m=k+l 


^em^-Z 


For 


Z 

2+m=k 




At once Q^k discarded, for it is at most of the same order 

as Q-|^. To compare and Qgk^ formulas (B7) and (b 8) for Pj^ 

and Pq^ are needed. Meanwhile, let it be assumed that the higher- 

order functions have stronger or equally strong singularities than 
their corresponding lower ones. Then the leading terms must he 
included in 


For Q^, 


For 


Z P-r Z Pp+1 ^ 

Z+m=k p+q=m j=0 


"a 

II P-z H Pp El 

Z+m=k+l p+q=m J=0 


As the highest terms containing the (k+l)th-order functions are taken 
out in these expressions, the two summations containing become 

identical and the difference lies in the terms Uj’Uq_j and Uj\Oq_j. 

No more conclusions can he drawn without further knowledge as to the 
nature of the solutions Ujj^. 
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To fix ideas, consider the second-order eqiiations, the Q functions 
of which contain the zeroth and first-order functions' whose forms are 
known. The Q functions are as follows: 



Q32 = -Pl^l' 


Pl'^1 - ^Pl^l - 


cot e 


With Uj and 


varying as 



©Bq/ near the singularity. 


Qi 2 ~ log2(0 - ©s^) 

^ (0 -^08o) 

Q32 iog2(e - 0gj 


(B31) 


Thus Qi 2 evidently has a Stronger singulkrity' near '© = 9 ^^ than 

(® - ®So)^Q 22* In 'this case (cf. equation (B29)) contributes 

most to the function N. 
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At any rate, proceeding on the discussion of the particular solu- 
tion, one observes that in twice differentiating equations (BIT) to (BI 9 ) 
to arrive at a third- order equation for one dependent variable, the non- 
homogeneous term N necessarily will contain second derivatives of the 
A functions. The algebraic operations involving the regularized func- 
tions f , g, nn(^ h during the process do not affect the nhture of the 
singularity. If the second derivative A" is conqjuted from the leading 
term in the A functions, it is peimlssible to replace N by A" in 
equations (B28) for order- of -magnitxide study. Again, consider the 
second-order functions; The leading term of the A functions is 


^12 

0 - 0so 



Hence, 


A" as 




(0 - 0So)2 

By substitution into equation (B28) , 


'‘l,l^,l ^ J" 


log3(e - 0 so) 


0 - 0s, 


d0 


(B32) 


as log^(0 - 0gj 

^ 1 , 2^,2 ~ I - 

J - ®So) 

log2(e - 0s J 

J ®o 

~ log ^(0 - 

Thus the second-order fimction contains terms of the order log^^0 - 
whereas the first-order one contains only log ^0 - 0g^j . 
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In view of this evidence, one is led to make the assumptions that 
the leading term in the singularity for the kth-order function takes the 
form of powers of log ^0 - Qsq)) that is. 


uk ^ [log (0 - 03 ^ 


Sk 


and that Sj^ > Consider the combination UjUq_j in 




while the combination Uj'Uq_^ in becomes 




[log (0 - 03^^®j’"Vr^ 


0 - 0f 


Therefore Qjk has a singularity much stronger than ^0-6 
and the contribution to the leading term of N is only by 


=o) 

Si- 


ascertain what choice of the index j will give a maximum value of 

Sj + Sq_j requires, however, more than the monotonic increasing property 

assTimed. For Instance, if the second difference of the sequence sjj. is 
assumed to be of the same sign throughout, a positive one requires j = 0 
and a negative one requires j to be approximately q/2 for sj + Sq_j 

to attain a maximum. If the former is true for the present case, the 


highest combination of UjUq_j would be u^Uq = 
With a similar argimient, the leading term of Q^jj. 


[io8 (e - 

is then 



Qlk ~ Pl'^k 

[log (0 - eso)]^''^ 
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Hence, 

e - e - 0«- 




Sjt+l 


By substitution into eqxxation (B28) 






^k,2^k+l,2 ~ 


/%/ 



> 


(B33) 


Vk,3^k+i,3 ~ ^°e (® 




If the solutions in equations (B33) hold true, the second difference 
of Sjj. is nil as the sequence sjj. is now increasing linearly with k. 

The comhination of UjUq_j then becomes indifferent to choice of j, 
so the result (B33) has no contradiction. The derivation is thus 
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justified a posteriori. Formulas (B32) are seen to be given by equa- 
tions (B33) vitb k = !_, sj = 1. One concludes by mathematical induc- 
tion that for the (k+l)th-order function, its singularity has the 
leading term 0 •jjlog (o - ^ 

The nature of the differential equations for the kth-order per- 
t^bations as assumed by equations ,(b 1) to (B3) having been clarified, 
it remains next to investigate the proper boundary conditions and the 
results thereby arrived at. Generalizing equations -(23) and (24) one 
has 


E ” «» » 

lL '■X), „ = K - “o- 

n=l n=l ^ 


'V 


^Qf Pw " P( 




0=0^ 

(B34) 



(B35) 


Since the differential equations must be nmerically integrated from 
the initial point, let equation (B34) be examined first. Expanding 
into a power series of r near r = 0, 
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d^ 

dilr 
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1 d^ 

2 d.1^ 
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(B36) 
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Assume now that the shock-wave shape is regular and also representable 
in power series in r. Then 



where 



^n 




dr^ 


for even n > 0 


with representing the nth derivative of 9^ evaltiated 

at ®Wq* After substitution equation (B36) becomes 


^ Z_ ^ 


d^Uwc 


0 ^ . 

£=0 mQ^+m2+. . .+mj^=k 


^m2_^m2 




with dPu^^jdjp- likewise representing the nth derivative of u^ 
evaluated at 6 vq« Regrouping the teims, one gets the expansion of 
in ascending powers of t, 
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(B 38 ) 


•where 


S-— V— 1 , , 

mi+m2+. . i+m^=k n =0 


In a similar 'way lOo at 0=0 is ohtained: 






^ r" ■ 1. 0 


o.j+m2 +^ . .+mj^=k n =0 * 


and, in tiorn, 


0o = 0 


0m =A — 

m! jjjn 


■with d°-UQ 0 /*^° representing the nth derivative of Uq eval-uated 
at ^Wq* With the help of expansions (B 38 ) and (b4i) for u and 

similar ones for v and p, the coefficient of r^ in two sides of 
equation (B3^) may he equated. The proper initial point at the shock 
wave is then readily derived; 


(^k^'^k^Pkjg^e^ (^w,k ■ Po,k""^w,k " ■^o,k"“w,k “ ‘“o^k) 
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In equation (b 1<-3) the v’s and <n‘ s are the coefficients for v 
and p, respectively, corresponding to the p’s for u defined hy 
equations (B39) and They are defined in exactly the same manner 

except that u is to he replaced hy the variable in question. 

With the initisil point specified hy equation (b 43), the differ- 
ential equations may he integrated numerically and the three arhitrary 
constants in the series form near the singular point 9 = © 3 ^ determined. 

Consider now the quantities when the hody is reached. The left-hand side 
of equation (B35) niay Be rewritten as 


00 

r 

n=0 


r%. 


11 ^ 


n=0 



x^(e)r^ 


hy defining 


and 


Z+m=n 



XT = 0 ^ ^ ^ 

Z+m=n 




{Bkh) 


(Bif5) 


(Blt6) 


Each term in therefore contains, in general, quantities of the 

form (0 - ©SQ^jlogg ^0 - 0 Sq^ ^ near 0 - The iD^rartant con- 
clusion now presents itself: If the shock-wave shape is assumed to he 

regular, the hody shape must have a singular point at the vertex. An 
expansion of the hody shape in power series of r in that neighborhood 
is not possible. The previous method cannot he. used to obtain the 
higher-order derivatives of 0g = 0g(r). 
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The approximate behavior of the singular body shape near the 
vertex to produce the assimed regular shock may he seen by the following 
consideration. Writing out the first three terms of equation (b 44), one 
has 


^ /e=0s Uq 


+ r. 




^b^i\ 




+ 




ViUi 




As previously shown. 


Z2.L ^ 


^o ~ 0(0 - 6so) 


(b4T) 


Uq % 0(1) 


Vi O^e - 0sp)loge (® - 06o)] + 0(1) 

ui 0 ^ogg ^0 - 0s^j 

vg ^ 0 [(0 - 0s^)logg^(0 - 0s^'j] + 0(1) 

U2 ^ 0 [loge^(0 - 0s^2 


Equation (b 4T) thus becomes 



o[^0 - 0So)l°Se^(® “ ®So)| + o|(0 - 0Bo) l°ge^(^ 
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or 


(t ^ 0(0 - 0Sq^ + ^8'' 0 ^0 - 0So) loge (® “ ®So^ ■’■ 

)[(e - e^o) + o(i)|+ . . . (bM) 


rs^-iol 


d0g 

Th© cLsriva't iv© — tiaving Td©6ii sliovii "bo Id© a finit© cjuanti'ty 

dr 

at tiie surface, one may assrmie 


0 - 0f 


d£s 

dr 


0 = 0 , 


rg + Hi^er- order terms 


(b49) 


Hence, 


d 0 £ 

dr 


0=0f 


rg[o(l) + o(rg logg rg^ + 

^s^[o(^s loSe^^s) + 


r — Si rgO(l) + o(rg^ log^ rg) + o(rg3 logg^rg) + . (B50) 

^ 0=0s 


Equation (B50) indicates that the body surface as defined by 0g = 0s(r) 
must have logarithmic singularities near the vertex. Expression (BU 9 ) is 
also found to lead to no inconsistency. 

Conversely, in the usual case -when a regular body is given, the 
shock wave cannot be represented regula r ly without contradiction. It 
must have a singularity at the vertex. The nature of the singularity 
presumably would likewise be logarithmic. 
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The existence of a finite first derivative d 6 g/dr as obtained 
in the section "Integration of Perturbation Equations" is fortunate. 

By regarding the perturbation as the asymptotic solution which is 
correct when r — 0 , the ratio of the initial radii of curvature may 
be found in spite of the singularities when higher order is considered. 
It may be pointed out that the "smallness" of r should be measured 
by a proper scale, which, in this case, is obviously either 

or Rg^ neither of which, by hypothesis, should be zero. In fact, one 

may recall that in the above-mentioned section when the first-order 
perturbation equations are reduced to dimensionless form, the expansion 
becomes: 


u _ ^ 1 r 

2 ^o 

and similar expressions can be obtained for v and p. The appearance 
of the parameter verifies the choice of scale stated above. 
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TABLE 1 .- COEmCIHlT FOMCTIONS F, G, AHD H AHD 
VARIABLES |, ij, AHD 5 


e 

( 4 eg) 

B 

F3 

MM 

O2 

G3 

% 

B 

% 

s 

■ 

1 

5 





Sbo - 10 ° 

J "8oA “ 

0 . 40 ; M° = 




■ 

1 



63.653 

0.2853 

0.2861 

-68.2270 

-3.82165 

- 3.7282 

-167.25 

-9.6312 

- 9.484 


0.659 

1 . 

660 

68 

.2957 

.2878 

- 44.0644 

- 7.7142 

- 2.4677 

- 104.452 

-19.770 

-6.219 

-.037 

.751 

1 , 

896 

67 

.3115 

.2905 

-29.7930 

-7.6336 

-1.7233 

-70.4940 

-19.438 

- 4.275 

-.066 

.906 

2. 

293 

66 

.3274 

.2932 

-22.9179 

-7.0077 

- 1.3655 

- 53.1359 

-17.906 

-3.333 

-.100 

1.061 

2 . 

689 

65 

.3435 

.2960 

-18.7736 

- 6.4205 

-1,1503 

- 42.6458 

-16. 454 

-2.759 

-,i 4 o 

1.214 

3 . 

083 

6 h 

•3598 

.2988 

-15.9686 

-5.9278 

- 1,0046 

-35.5294 

-15.226 

-2.365 

-.185 

1.365 

3 . 

475 

63 

.3764 

.3019 

-13.9308 

-5.5186 

-.8984 

-30.3492 

-14.209 

-2.074 

-.235 

1.515 

3 . 

866 

62 

.3933 

.3051 

-12.3772 

-5.1754 

-.8173 

-26.3885 

-13.352 

- 1.848 

-.291 

1,664 

4 . 

257 

61 

.4105 

-3085 

-11.1506 

- 4,8840 

-.7528 

-23.2526 

-12.623 

- 1.666 

-.392 

1.812 

4 . 

648 

60 

.4281 

.3119 

-10.1561 

- 4.6336 

-.7004 

-20.6999 

-11.993 

- 1.514 

-. 4 i 8 

1.958 

5 . 

o 4 o 

59 

.4461 

.3157 

-9.3326 

- 4 . 4158 

-.6565 

-18.5809 

-11.445 

-1.385 

-.489 

2.103 

5. 

432 

58 

.4645 

.3196 

-8.6397 

- 4.2244 

-.6193 

-16.7912 

-10.962 

-1.274 

-.565 

2.247 

5. 

825 

57 

.4833 

.3237 

- 8 .o 48 i 

-4.0550 

-.5873 

- 15.2550 

-10.531 

-1.175 

-.646 

2.390 

6 . 

219 

56 

.5026 

.3260 

-7.5374 

- 3 . 9 o 4 o 

-.5595 

- 13.9248 

- 10.146 

-1.087 

-.732 

2.531 

6 . 

6 l 4 

55 

.5225 

.3324 

-7.0922 

-3.7686 

-.5349 

- 12.7579 

-9.7979 

-1.007 

-.823 

2.671 

7 . 

010 


.5428 

.3372 

-6.7007 

- 3.6463 

-.5132 

-11.7262 

- 9.4802 

-.935 

-.919 

2.609 

7. 

4 o 7 

53 

.5638 

.3422 

- 6.3542 

-3.5357 

-.4937 

-10.8071 

-9.1904 

-.869 

-1.019 

2.946 

7. 

805 

52 

.5854 

.3474 

-6.0453 

-3.4354 

-.4762 

-9.9824 

-8.9258 

-.807 

- 1.124 

3.081 

8 . 

204 

51 

.6077 

.3530 

-5.7685 

-3.3440 

-.4603 

-9.2371 

-8.6801 

-.749 

-1.234 

3.214 

8 , 

6 o 4 

50 

.6308 

.3589 

-5.5192 

-3.2606 

-.4458 

-8.5611 

-8.4535 

-.695 

- 1.348 

3.346 

9. 

005 

1*9 

.6546 

.3650 

-5.2937 

- 3.1843 

-.43^ 

-7.9435 

- 8.2425 

-.^3 

- 1.467 

3.476 

9. 

4 o 7 

1(8 

.6793 

.3716 

-5.0889 

- 3.1147 

-.4204 

- 7.3762 

- 8,0448 

-.594 

-1.591 

3 . 6 o 4 

9. 

810 

h 7 

.7049 

.3785 

- 4.9023 

-3.0511 

-.4092 

- 6.8452 

-7.8607 

-.547 

-1.719 

3.729 

10 . 

213 


.7315 

.3858 

- 4.7316 

-2.9929 

-.3988 

-6.3711 

- 7.6831 

-,502 

-1.851 

3.852 

10 . 

617 

45 

.7592 

.3935 

-4.5751 

-2.9399 

-.3892 

-5.9212 

-7.5249 

-.458 

-1,988 

3,973 

11 . 

021 

w 

.7881 

.4017 

- 4.4313 

-2,8917 

-.3803 

-5,5022 

- 7.3714 

-.416 

-2.129 

4,092 

11 . 

426 

ks 

42 

4 l 

4o 

39 

38 

.8182 

.8497 

.8828 

.9175 

.9540 

.9925 

. 4 l 04 

.4196 

.4295 

.4399 

.4511 

.4632 

-4.2987 

-4.1763 

-4.0630 

-3.9581 

-3.8606 

-3.7700 

- 2.8482 

-2.8089 

-2.7739 

-2.74^ 

-2,7159 

-2,6928 

-.3719 

-.3641 

-.3569 

-.3500 

-.3436 

-.3375 

-5.1094 

- 4.7402 

- 4.3914 

-4.06U 

-3.7471 

-3.4473 

-7.2254 

-7.0875 

-6.9558 

-6.8299 

-6.7094 

- 6,5935 

-.374 

-.334 

-.294 

-.259 

-,216 

-.177 

-2.274 

- 2.423 

-2,576 

- 2,733 

-2.893 

- 3.057 

4.209 

4.323 

4.435 

4,545 

4.652 

4.757 

11 . 

12 , 

12 . 

13. 

13. 

13. 

831 

236 

642 

048 

454 

860 

37 

1.0333 

.4760 

-3.6857 

-2.6736 

-.3318 

- 3.1599 

- 6,4819 

-.137 

-3.225 

4.860 

14 . 

266 

36 

1.0765 

.4898 

-3.6071 

-2,6575 

-.3265 

-2.8838 

-6,3745 

-.098 

-3.396 

4.961 

14 . 

672 

35 

1.1224 

.5046 

- 3.5337 

- 2,6468 

-.3214 

-2.6167 

-6.2695 

-.059 

-3.571 

5.060 

15. 

078 

34 

1.1714 

.5206 

- 3.4653 

-2.6395 

-.3166 

- 2.3577 

-6.1675 

-.019 

-3.749 

5.157 

15. 

484 

33 

1.2238 

.5380 

- 3 . 4 oi 4 

-2.6363 

-.3120 

- 2.1052 

-6.0678 

.022 

-3.931 

5.253 

15. 

890 

32 

1.2801 

.5569 

- 3.3417 

-2,6374 

-.3078 

-1.8581 

-5.9700 

.064 

- 4 . 116 

5.347 

16. 

296 

31 

1 . 34 o 3 

.5774 

- 3.2859 

- 2,6430 

-.3037 

- 1 . 6 i 45 

- 5.8729 

.107 

- 4 . 3 o 4 

5.440 

16. 

701 

30 

1.4o65 

.5998 

-3.2337 

-2.6532 

-.2998 

-1.3734 

- 5.7767 

.152 

- 4.495 

5.532 

17. 

106 

29 

1.4780 

.6244 

-3.1849 

-2.6685 

-.2962 

-1.1332 

-5.6805 

.199 

-k.690 

5.624 

17. 

510 

28 

1.5561 

.6518 

- 3.1393 

-2.6894 

-. 2 ^ 

-.8923 

-5.5830 

.248 

- 4.888 

5,716 

17. 

914 

27 

1.6420 

.6820 

-3.09^ 

-2,7157 

-.2695 

-.6488 

- 5.4842 

.300 

-5.089 

5.808 

18. 

317 

26 

1.7370 

.7157 

-3.0568 

- 2,7487 

-.2864 

-, 40 U 

-5.3833 

.355 

-5.293 

5.901 

18. 

719 

25 

1.8430 

.7535 

-3.0196 

-2.7887 

-.2834 

-.i 46 o 

-5.2790 

.415 

-5.501 

5.99 

6 

19. 

120 

24 

1.9621 

.7964 

-2.9849 

- 2,8364 

-.2806 

.1187 

-5.1704 

.479 

-5.712 

6,09 

4 

19. 

519 

23 

2.0972 

.8455 

-2.9527 

-2.8927 

-.2780 

.3968 

- 5.0554 

.549 

-5.927 

6,19 

6 

19. 

917 

22 

2-2521 

.9022 

-2.9227 

-2.9588 

-.2754 

.6928 

-4.9328 

.628 

- 6.145 

6,30 

3 

20 . 

313 

21 

2.4322 

.9684 

- 2.8948 

-3.0360 

-.2730 

1.0136 

-4.8007 

.717 

- 6.367 

6 , 4 i 

6 

20 . 

706 

20 

2-6446 

1.0472 

-2.8693 

-3.1257 

-.2708 

1.3655 

-4.6555 

.820 

-6.593 

6,537 

21 . 

095 

19 

2.8998 

1.1422 

- 2.8457 

-3.2304 

-.2686 

1.7619 

- 4 . 4951 

.940 

- 6.824 

6.669 

21 , 

479 

18 

3.2135 

1.2598 

- 2,8240 

-3.3523 

-.2666 

2.2196 

- 4.3146 

1.083 

-7.059 

6,814 

21 . 

856 

17 

3.6101 

1 . 4 C 91 

- 2 , 8 o 44 

-3.4947 

-.2648 

2.7652 

-4.1085 

1.261 

-7.300 

6.975 

22 , 

225 

16 

15 

14 

13 

12 

11 

10 

4.1304 

4.8474 

5.9071 

7 . 6499 . 

11.0961 

21-3433 

00 

1-6060 

1.8781 

2.2319 

2.9481 

4.2683 

8.1999 

00 

-2.7867 

-2.7710 

-2,7574 

- 2.7461 

-2.7371 

-2.7312 

-2.7289 

-3.6617 

-3.8588 

-4.0955 

- 4,3741 
- 4.7159 
-5.1383 • 
-5,6713 

-.2631 

-.2616 

-.2602 

-.2990 

-.2580 

-.2574 

-.2571 

3.4423 

4.3299 

5.5845 

7.5661 

11.3486 

22.3217 

CO 

- 3.8690 

-3.5870 

-3.2489 

-2.8319 

-2,3105 

-1.6397 

1-491 

1.801 

2.254 

2.983 

4.408 

8,597 

eo 

-7.547 

-7,800 

-8.061 

-8.331 

-8.612 

-8.907 

7.15 

7.36 

7,60 

7.89 

8.23 

8.64 

9.15 

7 

5 

7 

1 

1 

5 

6 

22 . 

22 , 

23. 

23, 

23. 

23. 

582 

922 

239 

524 

764 

934 
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TABLE 1.- COEFFKIEnT FUHCTIOTS T, G, AW H AW 
VARIABLES i, t), ASD ^ - Contdimed 


e 

(deg) 


^3 


G2 

°3 

=1 

H 2 

H3 

i 

n 

i 






- 10°; 

usjc - 0 - 55 ; M° - 1.595 




39.708 

0.88W 

0.25^ 

-55.820 

-9. loo 

- 8.216 

-151.086 

-26.308 

-23.315 

-0.023 

1.810 

5 .ll 2 

39.3 

.89IA 

.S 603 

-37.099 

-17.078 

-5.759 

- 98.615 

- 18.100 

-16.165 

-.037 

2.068 

5.785 

39 

.9161 

.2637 

-21.831 

-16.671 

-3.539 

-55.70I 

-17.282 

- 9-731 

-.078 

2.676 

7.198 

38.5 

•9372 

.2673 

-15.989 

-11.135 

- 2.631 

-39.218 

-11.128 

-7.071 

-.130 

3.282 

9.202 

38 

• 95 w 

.2710 

-12.825 

-12.626 

- 2.123 

-30.2II 

-36.118 

- 5-576 

-.192 

3.889 

10.905 

37.5 

.9798 

.27I8 

-10.817 

-n.231 

-1.791 

-21.305 

-32.393 

-1.599 

-.265 

1.500 

12.618 

37 

1.0316 

.2786 

-9.121 

-10.139 

-1.562 

-20. 521 

-29.181 

-3.903 

-3I9 

5.116 

11.313 

36.5 

1.0238 

.2626 

-8.389 

-9.261 

-1.389 

-17.516 

-26.719 

-3.382 

-.111 

5.739 

16.081 

36 1 

1.0166 

.2867 

-7.991 

-8.5I7 

-1.255 

-15.236 

- 21.710 

- 2.930 

-.550 

6.369 

17.831 

35.5 

1.0700 

.2910 

- 6.^1 

-7.950 

-1.117 

-13.383 

- 23.022 

-2.638 

-.667 

7.006 

19.593 

35 

1 . 0 ^ 

.2951 

- 6.111 

-7. HI 

-1.059 

-11.658 

- 21.585 

-2.362 

-.795 

7.652 

21.388 

3 ‘> 

l.llll 

.3018 

-5.6511 

-6.6369 

-.9223 

-9.1803 

-19.2722 

-1.9256 

-1.089 

8.970 

25.027 

33 

1.1975 

.3119 

-5.0695 

- 6.0210 

-.8215 

-7.6950 

- 17-1810 

-1.5931 

- 1 .L 22 ! 

10.323 

28.715 

32 

1.2517 

.3259 

- 1.6216 

-5.5377 

-.7139 

-6.2890 

-16.0553 

-1.3273 

-1.806 

11.713 

32.512 

31 

1.3161 

.3378 

-I.273I 

-5.1503 

-.6821 

-5.1392 

- 11.8838 

-1.1067 

-2.210 

13. Ill 

36.118 

30 

1.3825 

.3508 

-3.9891 

-I.8351 

-.6323 

-1.1691 

-13.9020 1 

-.9180 

-2.721 

1I.610 

I0.373 

29 

I.I5I5 

.3652 1 

-3.75I6 

-1.5761 

-5903 

-3.3285 

-13.0636 

-.7522 

-3.260 

16.121 

H.I05 

28 

1.5332 

.3610 

-3.^ 

-1.3622 

-.5559 

-2.5818 

-12.3361 

-.6028 

-3.030 

17.677 

I8.51I 

27 

1.6196 

.3983 

-3.3911 

-1.1855 

-.5262 

-1.9037 

-II.69I8 

-.1652 

-1.195 

19.279 

52.689 

26 

1.7152 

.llfll 

-3.21^ 

-I.OI03 

-.5006 

-1.S715 

- 11.1220 

-3360 

-5.196 

20.932 

56.936 

25 

1.6216 

.1101 

- 3.1250 

-3.9226 

-.1783 

-.6780 

-10.6027 

-. 2 U 7 

-3.956 

22.610 

61.250 

2k 

I.9I13 

. 1 ^ 

-3.OI7I 

- 3.8295 

-1588 

-.0999 

-10.1252 

-.0899 

-6.777 

Sk.koB 

65.625 

23 

2.0768 

.1937 

-2.9232 

-3.7589 

-.1117 

.1721 

-9.6795 

.0320 

-7.661 

26.213 

70.056 

22 

2.2323 

.5267 

- 2.8103 

-3.7099 

-.1265 

1.0522 

-9.2566 

.1569 

-8.610 

28.151 

71.536 

21 

2.I129 

.5652 

-2.7671 

-3.6818 

-.1130 

, 1.^1 

- 8.8181 

.2879 

- 9-627 

30.150 

79.057 

20 

2.6259 

. 6 no 

-2.7023 

-3.6719 

-.1010 

2.2958 

-8.H59 

.1288 

-10.716 

32.211 

83.605 

19 

2.8818 

.6661 

- 2. 6119 

-3.6901 

-3903 

r«Tiiv 

-8.0I1I 

.5816 

-U.880 

3I.I53 

88,158 

18 

3.1963 

.7318 

-2.59^1 

- 2 * 5^92 

-3.7291 

-.3808 


.7.6251 

.7625 

-13.123 

36.795 

92.703 

17 

3.3937 

.8218 

-3.7915 

-.3721 

-7-1S57 

.9733 

-11.150 

39.298 

97.233 

16 

1.115 

.936 

- 2.5097 

-3-8902 

-.3619 

! 5-901 

-6.709 

1.235 

-15.87 

42.00 

101,65 

15 

1.833 

1.095 

-2.1733 

-I.0216 

-.3561 

1 7.117 

-6.177 

1.577 

-17.39 

11.91 

105.92 

lU 

5.895 

1.330 

- 2.1156 

- 1.1968 

- 35 £fi 

9.559 

-5.5® 

2.062 

-19.01 

W.IT 

109.97 

13 

7.639 

1.719 

- 2.1209 

- 1 . 1 ^ 

-.3182 

12.917 

-1.838 

-2.829 

- 20.75 

51.76 

113.61 

12 

11.083 

2.188 

-2.I013 

- 1.7295 

-.3H6 

19-'*35 

-3.9H 

1.295 

-22.62 

55.83 

116.76 

U 

21.338 

1.7^ 

-2.3879 

-5.1301 

-. 3 l 22 

38.260 

-2.80I 

8.532 

-21.65 

60.51 

119.01 

10 










£/: in 







m 











. 10 °; 

- O.7O; M° 

- 2.387 






26.363 

1.5606 

0.21107 

- 20.257 

-5.6300 

- 3-9297 

-61.316 

-19.717 

-ll.iol 

-0.059 

WSSCi 

9.083 

26 

1.6219 

.21827 

-12.310 

-10.0I5 

-a.7301 

-36.016 

- 35-716 

- 9.5207 

-.091 


10.275 

25.5 

1.6817 

.22112 

-8.0921 

-10.219 

-1.9900 

-25.118 

-36.753 

-6.6516 

-.150 


12.03I 

25.0 

1.7153 


-6.1913 

- 9 . 1®2 

-I.59I7 

-13.359 

-3I.36I 


-.215 

3.960 

13.810 

21.5 

1.6079 

.23665 

-5.0910 

- 8.7112 

-I.3II8 

-9.1126 

-31.7I1 

-1.0860 

-.288 

1.169 

15.581 

2I.0 

1.8731 

.21316 

- 1.3795 

-8.0350 

-1.1709 

-6.2396 

-29.377 

-3.3693 

-.370 

1.980 

17.352 

23.5 

1.9123 

.25071 

- 3-8773 

-7.1573 

-i.olal 

-1.1255 

-27.325 

-2.8263 

-.161 

5.191 

19.118 

23.0 

2.0152 

.25815 

-3.5051 

-6.9679 

—9I313 

- 2.1707 

- 25.553 

- 2.3910 

-.561 

6.012 

20.883 

22.5 

2.09^ 

.26677 

-3.2182 

- 6.5520 

-.86116 

-1.1109 

- 21.010 

-2.0377 

-.670 

6.535 

22.618 

22.0 

2 . 1 ’ra 7 

.27571 

-2.990I 

-6.1966 

-.79969 

.05:2 

- 22.658 

- 1.7352 

-.789 

7.063 

2 l.Hl 

21.5 

2 . 2^6 

.20538 

-2.0050 

-5.8913 

-.71606 

l.crrSl 

- 21.160 

-1.1719 

-.917 ■ 

7.598 


21.0 

2.3605 

.29507 

-2.651I 

-5.6282 

-.70077 

2.0126 

-20.389 

-1.2378 

-I.05I 

6.110 

27.919 

20.5 

2.1612 

.30728 

- 2.5220 

-5.I006 

-.66200 

2.8863 

- 19.121 

- 1.0255 

- 1.201 

8.691 

29.718 

20.0 

2.5772 

.31977 

-2.1u6 

- 5.2037 

-.62819 

3.7229 

-18.538 

-.82923 

-1.357 

9.251 

31.187 

19.5 

2.7007 

.33350 

-2.3162 

-5.0331 

-.59925 

1.1657 

-17.725 

-.61172 

- 1.523 

9.820 

33.255 

19.0 

2.8365 

.31866 

-2.2331 

- 1.8868 

-.57355 

5.3585 

-16.970 

-.16826 

-1.699 

10. loo 

33.019 

18.5 

2.9868 

.36522 

-2.1601 

-I.761I 

-.55082 

6.1902 

-16.260 

-.29661 

- 1 . 886 ' 

10.992 

36.779 

18.0 

3.1512 

.38138 

- 2.0953 

-1.6553 

-.53062 

7.0527 

-15.587 

-.12688 

-a.083 

11.597 

38.532 

17.5 

3.3122 

.1056a 

-2.0376 

-1.5673 

--51259 

7.9636 

-11.913 

.0I395 

-2.291 

12.216 

I0.275 

17.0 

3.5550 

.12978 

-1.9859 

-1.1963 

-.I96I5 

8.9I10 

-11.320 

. 21®2 

- 2.510 

12.851 

12.005 

16.5 

3.79SI 

.15718 

-1.9393 

-I.H16 

-.18195 

10.009 

-13.710 

.IOII3 

- 2 . 7 lO 

13.303 

13.717 

16.0 

1.0798 

. 18 ^ 

-1.6972 

-I.I031 

-.16893 

11.198 

-13.106 

.59562 

-2.9B1 

11.173 

I5.I06 

15.5 

l.lW 

.52712 

-1.^589 

-1.3807 

-.15722 

12.511 

-12.501 

.80618 

- 3.231 

11.865 

17.067 

15 

1.8018 

.57252 

-1.6211 

-I.37I6 

-.II67D 

11.102 

-11.887 

1.0l08 

-3.500 

15.581 

18.692 

II.5 

5.2771 

.62732 

- 1.7921 

-1.3857 

-.13727 

15.915 

- 11.256 

1.3077 

-3.778 

16.32I 

50.273 

ll 

5.8673 

.69550 

-1.7631 

-I.I150 

-.12886 

18.181 

-10.599 

1.6208 

-I.069 

17.097 

51.796 

13.5 

6.6202 

.78271 

-1.7371 

-l.lMo 

-.12139 

20.988 

-9.9056 

2.0007 

-I.37I ‘ 

17.905 

53.256 

13 

7.6170 

. 893 H 

-1-7133 

- 1.5350 

-.11185 

21.615 

-9.1623 

2.1811 

-1.69! 

18.753 

51.630 

12.5 

9.0035 

1.0597 

-1.6919 

-I.6308 

-.10920 

29.661 

-8.3510 

3.1232 

-5.029 

19 . 617 

53.900 

12 

U.071 

1.3007 

-1.6730 

-1.7550 

-.I0II5 

37.019 

- 7.1628 

I.OI55 

-5.380 

20.59! 

57. Oil 

H -5 

1I.500 

1.7010 

- 1.6571 

-I.9130 

-.looa 

19.168 

- 6.1616 

5.5262 

- 5 . 7>*8 

21.605 


U 

21.329 

2.1991 

- 1-6111 

- 5 .U 15 

-.39771 

73.083 

-5.3283 

8.3932 

-6.13I 

22.691 

58.799 

ID.5 

11.755 

1.8887 

-1.6356 

-5.3599 

-.39591 

111.09 

-1.0128 

16.780 

-6.5I0 

23.868 

59.322 

10 


CB 

-1.6323 

-5.6713 



-.39526 
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lABLE 1.- CCEFFICIEm; FUNCTICHS F, G, AHD H AHD 
VARIABLES 5, i), AHD f - Corttinued 


^3 

®l 

°2 

G 3 

% 

H 2 

=3 

« 


0 Bo “ “ 3.30 


20.184 

2.3954 

0.1711 

20.0 

2.4458 

.1738 

19.75 

2.5149 

.1776 

19.5 

2.5854 

.1816 

19.25 

2.65S0 

.1857 

19.0 

2.7331 

.1900 

18.75 

2.8111 

.1945 

18.5 

2.8925 

.1993 

18.25 

2.9781 

.2044 

18.0 

3.0679 

.2097 

17.5 

3.2625 

.2214 

17.0 

3.4813 

.2346 

16.5 

3.7300 

.2497 

16.0 

4.0163 

.2673 

15.5 

4.3507 

.2879 

15.0 

4.7476 

.3125 

14.5 

5.2276 

.3424 

14.0 

5.8219 

.3797 

13.5 

6.5792 

.4272 

13.0 

7.5806 

.4904 

12.5 

8.972 

.578 

12.0 

U.045 

.710 

U.5 

14.479 

.929 

11.0 

21.314 

1.364 

10.5 

41.748 

2.699 

10 

oo 

00 


-9.3750 

-7.12 )j 9 

-5.2801 

-4.1^33 

-3.3839 

-2.8469 

-2.4506 

-2.1482 

-1.9113 

-1.7216 

-1.4385 

-1.2390 

-1.0914 

-.9780 

-.8879 

-.8143 

-.7526 

-.6997 

-.6536 

-.6128 

-.5764 

-.5440 

-.5158 

-.4926 

-.4760 



-5.9112 

-5.6337 

-5.3943 

-5.1922 

-5.0254 

-4.89M 

-4.7908 

-4.7211 

-4.6834 

-4.6791 

-4.7110 

-4.7836 

-4.9035 

-5.0805 

-5.3293 


1.0764 

-.9911 

-.9207 

-.8615 

-.8111 

-.7296 

-.6665 

-.6162 

-.5755 

-.5418 

-.5137 

-.4901 

-.4701 

-.4531 

-.4388 

-.4270- 

-.4174 

-.4097 

-.4o4o 

-.4005 


-34.084 

-22.652 

-12.965 

-6.726 

-2.335 

.963 

3.568 

5.715 

7.555 

9.175 

12.003 

14.543 

16.993 

19.497 

22.181 

25.178 

28.644 

32.796 

37.977 

44.694 

53.902 

67.454 

89.^ 

133.568 

263.760 


-18.184 

-26.212 

-31 .i 4 i 

-33.019 

-33.514 

-33.330 

-32.806 

-32.109 

-31.328 

-30.509 

-28.866 

-27.284 

-25.788 

-24.369 

-23.014 

-21.703 

-20.415 

-19.128 

-17.817 

-16.451 

-14.996 

-13.417 

-U.660 

-9.658 

-7.318 


10°} Ug^c « 0.90; H° ° 5.42 



4.499 

0.109 

-1.111 

-2.808 

-0.824 

22.64 

4.511 

.108 

-1.020 

-2.881 

-.818 

23.81 

4.708 

.U3 

.109 

-3.74a 

-.736 

39.41 

4.918 

.118 

.850 

-4.239 

-.674 

51.43 

5.144 

.122 

1.357 

-4.527 

-.622 

61.36 

5.388 

.127 

1.720 

-4.693 

-.580 

70.15 

5.653 

.133 

1.985 

-4.783 

-.545 

78.28 

5.943 

.139 

2.185 

-4.826 

-.516 

86.13 

6.263 

.146 

2.337 

-4.840 

-.491 

93.98 

6.617 

.154 

2.454 

-4.837 

-.470 

102.0T 

7.013 

.162 

2.547 

-4.825 

-.451 

110.62 

7.458 

.172 

2.625 

-4.808 

-.434 

119.88 

7.964 

.183 

2.690 

-4.790 

-.420 

130.09 

8.545 

.195 

2.744 

-4.775 

-.407 

141.53 

9.219 

.210 

2.789 

-4.765 

-.395 

154.56 

10.014 

.228 

2.828 

-4.761 

-.385 

169.66 

10.962 

.249 

2.864 

-4.766 

-.377 

187.51 

12.116 

.275 

2.897 

-4.781 

-.369 

209.08 

13.556 

.307 

2.927 

-4.807 

-.362 

235.82 

15.396 

.348 

2.954 

-4.846 

-.355 

269.85 

17.846 

.403 

2.979 

-4.899 

-.350 

314. 81 

21.268 

.479 

3.002 

-4.969 

-.346 

377.47 

26.388 

.594 

3.022 

-5.058 

-343 

470.76 

34.904 

.785 

3.o4o 

-5.169 

-.340 

625.4a 

51.950 

1.167 

3.055 

-5.305 

-.338 

934.09 

102.985 

2.312 

3.065 

-5.471 

-.337 

1856.35 






CO 


-26.13 

-26.81 

-34.72 

-39.31 

-41.97 

-43.38 

-44.01 

-44.12 

-43.85 

-43.32 

-42.58 

-41.68 

-40.65 

-39.52 

-38.28 

-36.94 

-35.50 

-33.96 

-32.31 

-30.54 

-28.63 

-26.56 

-24.31 

- 21.86 

-19.16 

-16.18 


-9.690 

-8.199 

-6.767 

-5.732 

-4.939 

-4.305 

-3.781 

-3.338 

-2.954 

-2.616 

-2.o4o 

-1.554 

-1.124 

-.728 

-.349 

.029 

.421 

.845 

1.327 

1.902 

2.634 

3.645 

5.215 

8.176 

16.663 


- 0.110 

-.129 

-.156 

-.185 

-.216 

-.248 

.282 

-.318 

-.355 

-.394 

-.478 

-.568 

-.665 

-.770 

-.882 

- 1.001 

-1.128 

-1.263 

-l.4o6 

-1.557 

-1.716 

-1.884 

-2.062 

-2.250 

-2.449 


2.965 

3.091 

3.273 

3.461 

3.653 

3.847 

4.042 

4.237 

4.433 

4.630 

5.027 

5.428 

5.834 

6.247 

6.668 

7.098 

7.539 

7.993 

8.463 

8.951 

9.461 

9.997 

10.565 

U.173 

11.830 

12.548 


-6.66 

-0.197 

-6.57 

-.198 

-5.50 

-.218 

-4.62 

-239 

-3.88 

-.260 

-3.24 

-.282 

-2.66 

-.305 

-2.13 

-.328 

-1.64 

-.352 

-1.17 

-377 

-.71 

-.403 

-.25 

-.430 

.20 

-.457 

.68 

-.485 

1.18 

-.514 

1.72 

-.544 

2.32 

-.574 

2.99 

-.605 

3.77 

-637 

4.72 

-.670 

5.91 

-.704 

7.50 

-.739 

9.78 

-.774 

13.44 

-.810 

20.56 

-.846 

41.47 

-.882 

00 

00 
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TABI£ 1.- CCEFFJCTSffS FDnCnQUS 7 , ( i , ABD H ABD 
VARIABLES tf ABD ( - Ccntlnoftd 


e 

(deg) 


^3 

0l 

°2 

03 

Hi 

Ha 

«3 

{ 

in 








- 0.35; H° 

» 1.216 





68.507 

0.3433 

0.2694 

-10.3845 

-0.5802 

-O.48o6 

-24.782 

-1.725 

-1.458 

-0.164 

0.673 

1.932 

68 

.3584 

.2711 

-9.8154 

-.7826 

-4593 

-23.120 

-2.341 

-1.375 

-.176 

.007 

1.932 

67 

.3704 

.2746 

-8.8945 

-1.0679 

-.4230 

-20.4 i 8 

-3.218 

-1.237 

-.199 

1.938 

66 

65 

.3^9 

.4077 

.2782 

.2^9 

-8.1649 

-7.5696 

-1.25^ 

-1.3^ 

-.3979 

-3759 

-18.264 

-16.493 

-3.806 

-4.214 

-1.126 

-1.032 

-.222 

-.2^5 

.663 

.660 

1.948 

1.961 

61* 

.1*269 

.2858 

-7.0725 

-1.4763 

—3575 

-15.005 

-4.5 o 4 

-.951 

-.268 

.656 

1.975 

63 

.4466 

.2899 

-6.650a 

-1.5405 

-3419 

-13.729 

-4.712 

-.880 

-.291 

.632 

1.989 

62 

.4669 

.2943 

-6.2861 

-1.5864 

-.3283 

-12.620 

-4.862 

-;ei6 

-.313 

.647 

2.003 

61 

.48rr 

.2988 

-5.9686 

-1.6191 

-3165 

-11.644 

-4.970 

-.758 

-.335 

.642 

2.017 

60 

.5090 

.3036 

-5.6839 

-1.6422 

-.3060 

-10.777 

-5.046 

-.705 

-.357 

.636 

2.031 

59 

■.5311 

.30S7 

-5.4406 

-1.6582 

-.2966 

-9.997 

-5.098 

-.656 

-.379 

.630 

2.044 

58 

.5539 

.3141 

-5.2184 

-1.6^ 

-.2881 

-9.292 

-5.131 

-.609 

-.401 

.623 

2.056 

57 

.5775 

.3198 

-5.0184 

-1.6758 

-.2804 

-8.650 

-5.149 

-.565 

;:S 

.616 

2.068 

56 

.6019 

.3258 

-4.8376 

-1.6796 

-.2733 

-8.061 

-5.155 

-.523 

.607 

2.079 

55 

.6273 

.3320 

-4.6732 

-1.68i3 

-.2669 

-7.518 

-5.151 

-.483 

-.465 

.597 

2.090 

51* 

.6537 

.3388 

-4.523a 

-1.6818 

-.PrtnQ 

-7.015 

-5-139 

-.444 

-.485 

.586 

2.100 

53 

.6812 

.3460 

-4.3858 

-1.6806 


-6.546 

-5.120 

-.4o6 

-.505 

.574 

2.109 

52 

.7099 

.3537 

-4.2595 

-1.6789 

— iS 03 

-6.107 

-5.096 

-.369 

-.524 

.561 

2.117 

51 

.7400 

.3618 

-4.1431 

-1.6769 

-.2455 

-5.695 

-5.067 

-.333 

-.543 

.347 

2.124 


.7715 

.8046 

.3705 

-4.0358 

-1.6748 

-.2410 

-5.305 

-5.033 

-.298 

-.561 

.532 

2.130 

I9 

.3798 

-3.9364 

-1.6729 

-.2368 

-4.936 

-4.996 

-.262 

-.579 

.517 

2.135 

1*8 

.8395 

.3897 

-3.844a 

-1.6712 

-.2328 

-4.585 

-4.955 

-.227 

-.596 

.501 

2.139 


.8764 

.4004 

-3.7585 

-1.6701 

-.2291 

-4.250 

-4.910 

-.191 

-.613 

.484 

2.142 

46 

.9155 

.4119 

-3.6788 

-1.6697 

-.22^ 

-3.928 

-4.863 

-.156 

-.629 

.466 

2.145 

45 

.9570 

.4244 

-3.6046 

-1.6701 

-.2223 

-3.617 

-4.812 

-.120 

-.644 

.447 

2.147 

44 

1.0013 

.4378 

-3.5354 

-1.6714 

-.2191 

-3.317 

-4.758 

-.083 

-.659 

.427 

2.148 

43 

1.0488 

.4524 

-3.4708 

-1.6741 

-.2161 

-3.025 

-4.702 

-.045 

-.673 

.407 

2.148 


1.0997 

.4683 

-3.4104 

-1.6779 

-2133 

-2.740 


-.007 

-.686 

,386 

2.147 

In 

1.1547 

.4856 

-3.3541 

-1.6832 

-.2106 

-2.46 o 

-4.578 

.033 

-.699 

.364 

2.145 

ho 

1.2143 

.5047 

-3.3014 

-1.6901 

-.2081 

-2.183 

-4.511 

.074 

-.7U 

.341 

2.143 

39 

1.2792 

.5257 

-3.2521 

-1.6988 

-2057 

-1.909 

-4.440 

.117 

-.722 

.317 

2.140 

38 

1.3502 

.5490 

-3.2060 

-1.7095 

-.2034 

-1.635 

-4.365 

.163 

-.732 

.293 

2.136 

37 

1.4266 

.5750 

-3.1630 

-1.7223 

-.2012 

-1.359 

-4.285 

.211 

-.741 

.268 

2.131 

36 

1.5155 

.6o4l 


-1-7375 

-1991 

-1.079 

-4.199 

.262 

-.749 

.242 

2.129 

3? 

1.6127 

.6370 


-1.7555 

-1972 

-.794 

-4.107 

.318 

-.756 

.216 

2.U9 

34 

1.7223 

.6745 

-3.0505 

-1.7764 

-1953 

-.498 

-4.CD9 

.379 

-.763 

.189 

2.112 

33 

1.8472 

.7175 

-3.0181 

-1.8006 

-.1935 

-.190 

-3.903 

.446 

-.7§ 

.161 

2,104 

32 

1.99U 

.7675 

-2.9880 

-1.8284 

-.1918 

.136 

-3.788 

.522 

-.774 

.132 

2.096 

31 

a.1591 

.8264 

-2.9602 

-1.8604 

-1903 

.486' 

-3.663 

.6C7 

-.778 

.102 

2.087 

30 

2.3584 

.8968 

-2.9346 

-1.8970 

-.1888 

.669 

-3.527 

.P? 

.to 

-.7*0 

.072 

2.078 

89 

2.5993 

.9825 

-2.9111 

-1.9388 

-.1874 

1.297 

-3.376 

-.781 

, 0 kl 

2.068 

28 

8.8972 

1.0890 

-2.8898 

-1.9867 

-.1861 

1.787 

-3.210 

.960 

-.781 

.009 

2.058 

87 

3.2766 

1.2256 

-2.8706 

-2.04 i 4 

-.1849 

2.368 

-3-025 

1.133 

-.780 

-.024 

2.048 

26 

3.7779 

1.4068 

-2.8536 

-2.8387 

-2.1039 

-.1838 

3.084 

-2.818 

1.35T 

-.778 

-.058 

2.039 

85 

4.4739 

1.6597 

-2.1758 

-.18^ 

4.017 

-2.586 

1.661 

-.775 

-.093 

2.03d 

24 

5.5105 

8.0376 

-2.8260 

-2.2584 

-.1820 

5.328 

-2.322 

2.105 

-.771 

-.129 

2.022 

83 

7.227 

2.665 

-2.8157 

-2.3539 

-.1813 

7.395 

-2.020 

2.826 

-.765 

-.166 

2.019 

22 

10.645 

3.918 

-2.8080 

-2.4649 

-.1808 

11.342 

-1.670 

4.254 

-.758 

-.20? 

2.009 

21 

20 

20.861 

7.670 

-2.8034 

-2.5946 

-.l6o4 

22.789 

-1.264 

8.410 

-.749 

-.246 

-.269 

2.009 















®8o ■ 

20°; 

- 0.50> )P 

- 1.65 





44.4235 

0.9198 

0.2448 

-9.1233 

-1.3341 

*0.9869 

-23.912 


-3.346 

-0.176 

1.608 

5.142 

44 

.9415 

.2468 

-8.1415 

-1.8563 

-.8791 

-20.336 

-6.306 

-2.927 

-.2C0 

1.651 

5.298 

1*3 

.9940 

.2522 

-6.6320 

-2.3898 

-.7082 

-15.349 

-8.322 

-2.248 

-.258 

1.762 

5.697 

42 

1.0490 

.2585 

-5-7033 

-2.5384 

-.6003 

-12.166 

-9.002 

-1.801 

-.320 

1.877 

6.113 

4l 

1.1074 

.2657 

-5.0677 

-2.5338 


-9-697 

-9.182 

-1.474 

-.386 

1.991 

6.533 

• 4o 

1.1699 

.2739 

-4.6026 

-2.5184 

-.46^ 

-8.156 

-9.151 

-1.219 

-.455 

2.109 

6.953 

39 

1.2374 

.2831 

-^.2^ 

-2.4640 

-.42n 

-6.746 

-9.016 

-1.009 

-.526 

2.217 

7.371 

38 

1.3108 

.2935 

-3.9644 

-2.4 o 45 

-.3928 

-5.557 

-8.832 

-.830 

-.605 

2.327 

7.786 

37 


.3053 

-3-7354 

-2.3464 

-.3649 

-4.518 

-8.621 

-.671 

-.685 

2. **35 
2.941 

8.197 

36 

35 


.3187 

.3340 

-2.2926 

-2.2448 

-3417 

-.3222 

-3.594 

-2.721 

-8.395 

-8.160 

-.526 

-.768 

8.603 

1.5792 

-3.3868 

-.391 

-.0® 

2.646 

9.004 

34 

1.6907 

.3515 

-3.2515 

-2.2037 

-3054 

-1.902 

-7.920 

-.260 

-.945 

2.749 

9.399 

33 

1.8173 

.3718 

-3-1354 

-2.1697 

-2909 

-1.104 

-7.674 

-.131 

-1.038 

2.851 

9.787 

38 

1.9629 


-3.0m 

-2.9^78 

-2.1432 

-.2784 

-.301 

-7.4 i 6 

-.001 

-1.134 

2.951 

10.167 

31 

8.1327 


-2.1245 

—2675 

.504 

-7.190 

.134 

-1.233 

3.050 

10.539 

30 

2.3337 

.45^ 

-2.8718 

-2.U40 

-2578 

1.360 

-6.868 

.278 

-1.335 

3.148 

10.900 

29 

2.5764 

.4991 

-2.8054 

-2.1123 

-.2495 

2.287 

-6.570 

.437 

-1.440 

3.246 

U.250 

28 

2.8762 

.5510 

-2.7475 

-2.1200 

-.2421 

3.326 

-6.245 

.617 

-1.548 

3.344 

11.587 

87 

3.2575 

-6175 

-2.6971 

-2.138a 

-2396 

4.538 

-5.893 

.830 

-1.658 

3.443 

11.908 

26 

3.7608 

.7064 

-2.6OT 

-2.1681 

-.2300 

6.013 

-5.502 

1.092 


3.543 

12.211 

£5 

4.4591 

5.4980 

-2.2114 

-2.2705 

-2253 

-.2213 

7.922 

1D.592 

-5.065 

-4.568 

1.434 

1.917 

3.645 

3.750 

12.493 

24 

1.0168 

-2.5853 

-2.003 

12.750 

83 

7.2175 

1.3270 

-2.5604 

-2.3W5 

-2.4496 

-.2181 

14.783 

-3.996 

2.680 

-2.122 

3.860 

12.976 

22 

10.6372 

1.9470 

-2.5418 

-2157 

22.770 

-3.328 

4.137 

-2.242 

3.976 

13.166 

21 

20 

20.®^ 

3.8057 

-2.5298 

-2.5798 

-.2141 

45.879 

-2.537 

8.354 

-2.361 

4.101 

4.2^ 

13.317, 


a 




** 
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TABLE 1.- COEFFICTEErE FOKCTIONB 7, G, AHD H AED 
VARIABLES i, ij, AND ^ - Continued 


e 

(deg) 

I'l 

^3 

“1 

^2 

O3 

Hi 

=2 

-l-u 

E 


£ 

6 e^ - 20 °, Ufljo - 0 . 65 ; M° - 2.51 

33 . 0 i ;52 

33 

32.5 
32 

31.5 
31 

30.5 
30 

29.5 
29 

28.5 
28 

27.5 
27 

26.5 
26 

25.5 
25 

24.5 
24 

23.5 
23 

22.5 
22 

21.5 
21 

20.5 
20 

1.7177 

1.7245 

1 . 8 oi 4 

1.8826 

1.9692 

2.0621 

2.1624 

2.2712 

2.3902 

2.5210 

2.6657 

2.82n 

3.0085 

3.2144 

3.4501 

3.7233 

4.0443 

4.4272 

4.8927 

5.4718 

6.2129 

7.1971 

8.5702 

10.624 

14.036 

20.849 

41.255 

flO 

0.1963 

.1967 

.2014 

.2066 

.2125 

.2190 

.2263 

.2344 

.2435 

.2537 

.2652 

.2781 

.2929 

.3099 

.3296 

.3527 

.3800 

.4128 

.4531 

.5036 

.5686 

.6552 

.7767 

.959 

1.263 

1.872 

3.699 

09 

-5.2914 

-5.2178 

-4.5517 

-4.0752 

-3.7127 

-3.4381 

-3.2145 

-3.0314 

-2.8788 

-2.7496 

-2.6391 

-2.5436 

- 2 . 46 o 4 

-2.3876 

-2.3232 

-2.2663 

-2.2158 

-2.1710 

-2.1313 

-2.0960 

-2.0652 

-2.0381 

-2.0150 

-1.9956 

-1.9800 

-1.9685 

-I.96U 

-1.2739 

-1.3306 

-1.7834 

-2.0317 

-2.1697 

- 2.2440 

-2.2829 

-2.2985 

-2.3006 

-2.2950 

- 2 . 2^3 

-2.2740 

-2.2630 

-2.2534 

- 2.2462 

- 2.2424 

- 2.2425 

-2.2472 

-2.2572 

-2.2731 

- 2 . 2 ^ 

- 2 . 3 ^ 

-2.3653 

- 2 . 4 i 43 

- 2.4748 

- 2.5488 

-2.6387 

-0.6912 

-.6826 

-.6012 

-.5399 

-.4918 

-.4531 

-.4214 

-.3948 

-.3720 

-3526 

-.3357 

-.3211 

-.3081 

-.2967 

-.2867 

-.2777 

-.2697 

-.2627 

-.2566 

-.2510 

-.2463 

-.2422 

-.2387 

-.2358 

-.2336 

-.2319 

-.2308 

- 14.002 

-13.6145 

-10.0189 

-7.1628 

-5.1203 

-3.2917 

-1.^78 

-.2622 

1.0690 

2.3367 

3.5734 

4.8082 

6.0674 

7.3803 

8.7772 

10.2951 

11.9^ 

13.8971 

16.1298 

18.8074 

22.127 

26.417 

32.264 

40.833 

54.848 

82.465 

164.428 

-6.1995 
-6.4793 
-8.6989 
-9.9337 
-: 0.6193 

- 10.9748 

-11.1328 

-11.1532 

-11.0812 

-10.9485 

-10.7649 

-10.5501 

- 10.^86 

- 10 . 0 ^ 

- 9.7328 

- 9 . 4 i 47 

-9.0749 

-8.7100 

-8.3225 

-7.906 

-7.459 

-6.973 

-6.443 

-5.865 

-5.229 

- 4.524 

-3,73a 

-3.0889 

-3.0358 

-2.5288 

-2.1289 

-1.7993 

-1.5180 

-1.2709 

- 1.0483 

-.8432 

-.6936 

-4653 

-.2843 

-.1040 

.0790 

.2686 

.4687 

.6846 

.9231 

1.1932 

1.508 

1.889 

2.368 

3.006 

3.922 

5.392 

8.243 

16.605 

-0.293 

-.296 

-.331 

-.367 

-. 4 o 4 

-.442 

-.482 

-.523 

-.565 

-.608 

-.652 

-.697 

-.743 

-.790 

-.838 

-.886 

-.935 

-.985 

-1.036 

-1.087 

-1.139 

-1.191 

- 1.243 

-1.295 

-1.345 

-1.392 

-1.431 

2.166 

2.171 

2.237 

2.308 

2.381 

2.456 
2.531 
2.607 
2.683 

2.759 

2.835 

2.911 

2.988 

3.065 

3.142 

3.220 

3.298 

3.377 

3.457 
3.538 
3.621 
3.706 
3.793 
3.882 
3.974 
4.070 
4.170 
4.275 

8.736 

8.763 

9.092 

9 . 44 o 

9.795 

10.151 

10.507 

10.860 

11.209 

11.555 

11.^ 

12.227 

12.550 

12.864 

13.169 

13.464 

13.747 

14.017 

14.272 

14.512 

14.734 

14.936 

15.115 

15.267 

15.387 

15.465 
15.470 







000 “ 20 °; xtg^lc - 0 . 75 ; iP - 3.36 

28.1798 

28 

27.5 
27 

26.5 
26 

25.5 
25 

24.5 
24 

23.5 
23 

22.5 
22 

21.5 
21 

20.5 
20 

2.6738 

2.7375 

2.9279 

3.1414 

3.3840 

3.6634 

3.9900 

4.3782 

4.8487 

5.4326 

6.1785 

7.1673 

8.5449 

10.6027 

14.020 

20.837 

41.246 

CD 

0.1536 

.1559 

.1632 

.1717 

.1818 

.1936 

.2079 

.2251 

.2463 

-2729 

.3075 

.3535 

.4184 

.5159 

.679 

1.005 

1.985 

00 

- 3.2411 

- 3.0346 

-2.6556 

-2.2766 

- 2.0433 

- 1.8641 

-1.7227 

-1.6088 

-1.5157 

-1.4385 

-1.3743 

-1.3205 

-1.2757 

-1.2391 

- 1.2100 

- 1.1884 

- 1.1746 

-1.2036 

-1.3811 

-1.7169 

-1.9100 

- 2.0243 

-2.0936 

-2.1372 

-2.1668 

-2.1899 

- 2.2117 

-2.2361 

-2.2663 

-2.3051 

-2.3555 

- 2.4207 

- 2.5043 

-2.6112 

-0.4740 

-.4526 

-. 4 o 42 

-.3672 

-.3381 

-.3146 

-.2953 

-.2794 

-.2662 

-.2550 

-.2458 

-.2371 

-.2315 

-.2264 

-.2225 

-.2196 

-.2178 

-2.4775 
-.3678 
4.7440 
9. 1888 

13.321 

17 . 4 o 2 

21.628 

26.194 

31.325 

37.331 

44.631 

53.970 

66.552 

64.874 

114.676 

173.262 

346.218 

ce 

-9.1430 

-10.4394 

- 12.9466 

-14.4089 

-15.230 

-15.637 

-15.751 

- 15.646 

-15.370 

-14.944 

-14.380 

-13.691 

-12.860 

-11.879 

-10.734 

-9.399 

-7.836 

-2.6656 

- 2.4402 

-1.8962 

-1.4364 

-1.028 

-.650 

-.285 

.081 

.462 

.&T 6 

1.346 

1.908 

2.625 

3.616 

5.159 

8.084 

16.522 

CD 

-0.397 

-.410 

-.446 

-.482 

-.519 

-.557 

-.596 

-.636 

-.677 

-.719 

-.761 

-. 8 o 4 

-.847 

-.890 

-.933 

-.974 

- 1.010 

2.381 

2.405 

2.478 

2.555 

2.635 

2.717 

2.801 

2.886 

2.972 

3.060 

3.150 

3.242 

3.336 

3.433 

3.534 

3.639 

3.750 

3.869 

13.058 

13.231 

13.744 

14.277 

14.819 

15.363 

15.903 

16.435 

16.957 

17.464 

17.955 

18.4^ 

18.872 

19.293 

19.686 

20.053 

20.410 







000 - 20°; u^jc - 0.85; = 5.?4 

24.433 

24.0 

23.5 

23.0 

22.5 

22.0 

21.5 

21.25 
21.0 
20.75 

20.5 

20.25 ' 
20 

4.7991 

5.3274 

6.0890 

7.0920 

8 . 4 ^ 

10.5528 

13 . 9 te 

16.717 

20.811 

27.624 

41.234 

82.030 

00 

0.1014 

.1102 

.1232 

.1409 

.1660 

.2039 

.267 

.318 

.395 

.523 

.779 

1.549 

-0.5386 

-.1718 

.1101 

.3019 

.4381 

.5374 

.6103 

.6384 

.6620 

.6897 

.6945 

.7033. 

-1.1540 

-1.5183 

-1.7753 

-1.9406 

-2.0612 

- 2.1647 

-2.2698 

-2.3276 

-2.3915 

- 2 . 4^3 

-2.5449 

-2,6388 

-0.2755 

-.2496 

-.2273. 

-.2106 

-.1980 

-.1885 

-.1814 

-.1788 

-.1766 

-.1749 

-.1737 

. -.1729 

59.37 
78.62 
101.29 
127.82 
162.06 
210.42 
287.84 
348.36 
438,11 
586.32 
880.34 . 

1758.02 . 
eo 

-19.17 

-23.90 • 

-26.83 

-28.10 

-28.19 

-27.34 

-25.68 

- 24.51 

-23.15 

-21.54 

-19.73 

-17.67 

-1.82 

- 1.04 

-.20 

.67 

1.64 . 

2.85 

4.59 

5.87, 

7.70 

10.64 

16.33 

33.03 

00 



-0.517 

-.535 

-.556 

-.576 

-.595 

-.613 

-.628 

-.634 

-.638 

-.640 

-.638 

-.628 

2.471 

2.531 

2.607 

2.689 

2.777 

2.869 

2.967 

3.018 

3.071 

3.126 

3.183 

3.242 

3.303 

17.529 

18.403 

19.505 

20.666 

21.863 

23.087 

24.338 

24.978 

25.635 

26.322 

27.069 

27.967 


' . 
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TABLE 1.- COEFFICIEBT FOKCTIOK6 F, G, AHD H AND 
VAHIABLES t), AHD f - Continued 


e 

(deg) 

^“1 

^3 

B 

Ga • 

°3 

Hi 

Ha 

H3 

£ 

B 

e 




0^0 = 30°; 


0.35; M° •> 1.515 




63.3199 

0.5756 

0.2398 

-5.6588 

-0.4028 

-0.2647 

-13.6739 

-1.6360 

-0.9703 

-0.381 

O.m 

1.686 

63 

.5846 

.2415 

-5.5395 

-.4613 

-.2595 

-13,2030 

-1.8696 

-.9359 

-,388 

.8^ 

1.674 

62 

.6132 

.2472 

-5.2102 

-.6100 

-.2453 

-11.8888 

-2.4651 

-,8381 

-.410 

.847 

1.645 

61 

.6431 

.2531 

-4.9341 

-.7203 

-,2334 

-10,7725 

-2.9077 

-.7523 

-.431 

,826 

1,624 

60 

.6743 

.2595 

-4.6988 

-.8o4o 

-.2233 

-9.7876 

-3.2422 

-.6755 

-.451 

,806 

1.609 

59 

.7069 

.2663 

-4.4955 

-.8688 

-.2146 

-8.9229 

-3.4972 

-.6054 

-.471 

.787 

1.599 

58 

.7412 

.2737 

-4.3179 

-9197 

-.2069 

-8-i487 

-3.6927 

-.5405 

-.490 

.768 

1-592, 

57 

.7774 

.2814 

-4.1614 

-.9603 

-.2002 

-7.4469 

-3.8422 

-.4797 

-.508 

,749 

1.588 

56 

.8156 

.2899 

-4.0224 

-.9932 

-.1941 

-6,8055 

-3.9555 

-.4219 

-.525 

.730 

1,587 

55 

.8562 

.2989 

-3.8981 

-1.0203 

-.1887 

-6.2120 

-4.0388 

-.3664 

-.541 

.711 

1,5&T 

54 

.8^4 

,3088 

-3.7864 

-1,o429 

-.1839 

-5.6591 

-4,0978 

-.3125 

-.557 

,692 

1.589 

53 

.9456 

.3196 

-3.6855 

-1,0623 

-.1794 

-5.1399 

-4.1370 

-.2598 

-.572 

.673 

1.593 

52 

.9953 

.3312 

-3.5942 

-1.0792 

-ira 

-4.6477 

-4.1585 

-.2076 

-.586 

,654 

1.598 

51 

1.0488 

.3440 

-3.5110 

-1.0945 

-.1718 

-4.1783 

-4.1649 

-.1554 

-.599 

,634 

l,6o4 

50 

1.1068 

.3581 

-3.4352 

-1.1082 

-.1684 

-3.7265 

-4.1576 

-.1029 

-.611 

,6l4 

1,611 

49 

1.1700 

.3736 

-3.3659 

-1.1213 

-,1652 

-3.2884 

-4.1381 

-.0494 

-.623 

.594 

1.619 

48 

1.2392 

.3908 

-3.3024 

-1.1342 

-.1623 

-2.8600 

-4.1067 

.0055 

-,634 

.574 

1.628 

47 

1.3156 

.4099 

-3.2444 

-1,1470 

-.1596 

-2.4374 

-4.0645 

.0625 

-.644 

.553 

1.638 

46 

1.4oo4 

.4315 

-3,1911 

-1.1602 

-.1573 

-2.0170 

-4.0U5 

.1223 

-.653 

.532 

1.648 

45 

1.4953 

.4560 

-3.1422 

-1.1741 

-.1549 

-1.5944 

-3.9481 

.1856 

-.661 

.511 

1.659 

44 

1.6025 

.4839 

-3.0974 

-1,1890 

-.1528 

-1.1646 

-3.8742 

.2535 

-.668 

.490 

1.671 

43 

1.7247 

.5160 

-3.0564 

-1.2052 

-.1509 

-.7226 

-3.7885 

.3273 

-,674 

.468 

1.684 

4a 

1.8657 

.5536 

-3.0189 

-1,2229 

-.1492 

-.2612 

-3,6912 

.4085 

-.679 

,446 

1.697 

4l 

2.0307 

.5976 

-2,9847 

-1.2426 

-.1475 

.2282 

-3.5828 

.4995 

-.683 

.424 

1.711 

4o 

2.2268 

.6506 

-2,9536 

-1.2645 

-.1459 

."^70 

-3.4605 

.6032 

-.686 

,402 

1.726 

39 

2.4643 

.7152 

-2.9256 

-1,2891 

-.1446 

1.3412 

-3.3236 

.7241 

-.687 

.380 

1,742 

38 

2.7586 

.7957 

-2.9005 

-1.3x67 

-.1433 

2.0o4o 

-3,1706 

.8684 

-.687 

.358 

1.759 

37 

3.1340 

.8991 

-2.8782 

-1,3479 

-.1422 

2.7815 

-2.9995 

1.0462 


,336 

1.777 

36 

3.6310 

1.0366 

-2.8586 

-1.3833 

-.1412 

3.7334 

-2.8o84 

1.2742 

-.683 

• .314 

1.796 

35 

4.322 

1.229 

-2.8417 

-1.4235 

-.1403 

4.9658 

-2.5942 

1.5^ 

-.678 

.292 

1.817 

34 

5.354 

1.517 

-2.8277 

-1.4693 

-1395 

6.6894 

-2.3534 

2.0291 

-.671 

.270 

l.84o 

33 

7. 066 

1.997 

-2.8165 

-1.5217 

-.1390 

9.3956 

-2.0820 

2.7534 

-.662 

.248 

1.866 

32 

10.477 

2,954 

-2.8083 

-1.5819 

-1385 

14.5498 

-1.7744 

4.1682 

-.649 

.227 

1.897 

31 

30 

20.686 

5.827 

-2.8031 

-1.6514 

-.1383 

29.4903 

-1.4246 

8.3384 

-.629 

,207 

.188 

1.937 


CD 

HHHIH 

muhi 










0. 

“ 30°; 

Usq/c - 0.55> M° - 2.33 





44.0237 

1.5139 

0.1919 

-4.1222 

-0.6533 

-0.3194 

-9.4820 

-4.0531 

-1.4287 

-0.519 

1.669 

7.321 

44 

1.5289 

,1930 

-4.0623 

-.6959 

-.3140 

-9.0885 

-4.3020 

-1.3811 

-.525 

1.671 

7.345 

43 

1.6584 

.2032 

-3.6648 

-.9447 

-.2781 

-6.2917 

-5.7816 

-1.04o7 

-.573 

1.697 

7.580 

4a 

1.8057 

.2155 

-3.3764 

-1.0869 

-.2514 

-3,9464 

-6,6285 

-.7551 

-.622 

1,726 

7,834 

4l 

1.9764 

.2303 

-3.1676 

-1.1730 

-.2309 

-1.8409 

-7.1031 


-.671 

1.757 

8,098 

4o 

2.1778 

,2484 

-2.9873 

-1.2281 

-.2151 

.1649 

-7.3365 

-.2608 

-.720 

1.789 

8.366 

39 

2.4202 

.2708 

-2,8511 

-1.2664 

-.2016 

2.1860 

-7.4ooi 

-.0240 

-.769 

1.821 

8,635 

38 

2,7192 

.2990 

-2.7409 

-1.2965 

-.1910 

4.3070 

-7.3343 

,2219 

-.818 

1.853 

8.901 

37 

3.0992 

.3355 

-2.6508 

-1.3238 

-.1822 

6.6792 

-7.1600 

,4910 

-.867 

1.886 

9.162 

36 

3.6007 

,3846 

-2.5771 

-1,3522 

-.1751 

9.47^ 

-6.8870 

.8028 

-.916 

1.919 

9.416 

35 

4,2968 

.4536 

-2.5172 

-1.3850 

-.1^3 

13.012 

-6.517 

1.190 

-.964 

1.952 

9.662 

34 

5.3330 

.5574 

-2.4692 

-1.4252 

-.1646 

17.878 

-6.046 

1.713 

-1.011 

1.986 

9.897 

33 

7.0493 

.7309 

-2.4210 

-1.4759 

-.1610 

25,413 

-5.462 

2.512 

-1.057 

2.021 


32 

10,465 

1.079 

-2.4052 

-1.5406 

-•1585 

39.674 

-4,748 


-1.099 

2.058 

10.333 

31 

20.678 

2.125 

-2.3885 

-i,624o 

' -.1569 

81.244 

-3.873 

8.253 

-1.134 

2.097 

10.550 

30 








CO 


2,139 




IHHHHi 

HIHHil 
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TABLE 1.- COEFFICIEIIT FOTCTIONS F, G, AND H AND 
VARIABLES Ij i), AND ^ - Continued 



p 

3 







1 

■ 


08o = 30°; usjc = 0.65; M° = 3.16 


39.17W 

2.3176 

0,1561 

-3.1456 

-0,6787 

-0.2556 

-1.983 

-6.428 

-1,248 

-0.644 

1.913 

9.913 

39.0 

2,3652 

.1^4 

-3.0704 

-,74 i 8 

. -.2494 

-.984 

-6,941 

-1.153 

-.652 

1.919 

9.985 

38.75 

2.4361 

.1618 

-2.9725 

-,8202 

-,2412 

.398 

-7.569 

-1,022 

-.663 

1.928 

10.093 

38.5 

2.5107 

.1655 

-2.8844 

-.8871 

-.2336 

1.738 

-8.104 

-.897 

-.674 

1.937 

10,205 

38.25 

2,5894 

.1694 

-2.8046 

-.9445 

-.22^ 

3.049 

-8.556 

-.776 

-.685 

1.947 

10,320 

38.0 

2.6725 

.1737 

-2.7324 

-.9940 

-.2204 

4.341 

-8.935 

-.658 

-.696 

1.957 

10.438 

37.75 

2.7606 

.1781 

-2.6663 

-1,0370 

-.2154 

5.623 

-9.259 

-.543 

-.707 

1.967 

10,559 

37.5 

2.8540 

,1830 

-2.6060 

-1.0746 

-.2093 

6.905 

-9.530 

-.430 

-.718 

1.978 

10.682 

37.25 

2,9535 

,aB8i 

-2.5507 

-1.1077 

-.2043 

8.195 

-9.747 

-.319 

-.729 

1.989 

10,807 

37.0 

3.0596 

.1937 

-2.4996 

-1,1370 

-.1997 

9.503 

-9.931 

-.207 

-.740 

2.000 

10.934 

36.75 

3.1731 

.1997 

-2.4527 

-1,1631 

-.1954 

10.836 

-10.070 

-.096 

-.751 

2,011 

11.062 

36.50 

3.2949 

.2062 

-2.4094 

-I.1B67 

-.1914 

12.203 

-10.177 

.016 

-.761 

2.023 

11.191 

36.25 

3.4260 

.2132 

-2.3692 

-1,2080 

-.1878 

13.6 i 4 

-10.256 

.129 

-.771 

2.035 

11.321 

36.0 

3.5675 

.2209 

-2.3320 

-1.2276 

-.1843 

15.082 

-10.356 

.246 

-.781 

2.047 

11.452 

35.75 

3.7208 

.2293 

-2.2974 

-1.2458 

-.iBn 

16.615 

-10.352 

.365 

-.791 

2.059 

11.584 

35.50 

3.8875 

.2384 

-2.2654 

-1.2629 

-.1782 

18.227 

-10.327 

.487 

-.801 

2.071 

11.716 

35.25 

4.0695 

.2484 

-2.2355 

-1.2790 

-.1754 

19.935 

-10.302 

.615 

-.811 

2.084 

11.849 

35.0 

4,2693 

.2595 

-2.2078 

-1.2945 

-.1728 

21.755 

-10.256 

.748 

-.821 

2.097 

11.981 

34.75 

4. 4894 

.2717 

-2.1B20 

-1.3096 

-.1703 

23.708 

-10.191 

.889 

-.831 

2.110 

12.117 

34.50 

4.7334 

.2854 

-2.1580 

-1.3244 

-.1680 

25.817 

-10.101 

1.038 

-.841 

2,123 

12.247 

34.25 

5.0055 

.3007 

-2,1356 

-1.3392 

-.1660 

28,116 

-9.995 

1.198 

-.851 

2.136 

12.380 

34.0 

5.3110 

.3179 

-2.1149 

-1.3541 

-,l64o 

30.643 

-9.867 

1.370 

-.861 

2.150 

12.513 

33.75 

5.6564 

.3374 

-2.0957 

-1.3693 

-.1622 

33.441 

-9.722 

1,560 

-,870 

2.164 

12.646 

33.50 

6.0503 

.3598 

-2.0779 

-1.3849 

-.1606 

36.577 

-9.557 

1.766 

-.879 

2.178 

12.779 

33.25 

6.504 i 

.3853 

-2.0614 

-1.4010 

-.1589 

4 o.i 49 

-9.384 

1.997 

-.888 

2,192 

12,912 

33.0 

7.0325 

,4158 

-2,0464 

-1.4178 

-.1576 

44.188 

-9.168 

2.259 

-.897 

2,206 

13.045 

32.75 

7.6561 

.4515 

-2,0347 

-1.4355 

-.1563 

48.916 

-8.945 

2.558 

-.905 

2.221 

13.178 

32l50 

8.4033 

.4944 

-2,0198 

-1.4541 

-.1550 

54.509 

-8.703 

2,908 

-.913 

2,236 

13.311 

32.25 

9.3154 

.5469 

-2,0085 

-1.4739 

-.1540 

61.244 

-8.439 

3.325 

-,921 

2.^1 

13.445 

32.0 

10.454 

,613 

-1.9982 

-1,4950 

-.1530 

69.56 

-8,15 

3.83 

-.928 

2.267 

13.580 

31.75 

11.916 

.697 

-1.9891 

-1.5176 

-.1522 

80.16 

-7.84 

4,47 

-.934 

2,283 

13.716 

31.50 

13.864 

,810 

-1.9812 

-1.5417 

-.1516 

94,09 

-7.51 

5.31 

-.939 

2.299 

13.855 

31.25 

16.588 

.967 

-1.9745 

-1.5677 

-.1509 

113,46 

-7.16 

6.46 

-.943 

2.316 

13.997 

31.0 

20.672 

1.204 

-1,9688 

-1.5956 

-.1505 

142.31 

-6.78 

8.17 

-.946 

2.333 

i 4 .i 45 

30.75 

27.474 

1.599 

-1,9644 

-1.6253 

-.1500 

190.10 

-6,37 

10.97 

-.947 

2.351 

i 4.304 

30.5 

41.072 

2,389 

-1.9612 

-1.6584 

-.1498 

285,20 

-5.93 

16.51 

-.944 

2.369 

14.482 

30.25 

81,852 

4.760 

-1.9593 

-1.^38 

-.1496 

569.68 

-5.46 

33.10 

-.935 

2,388 

14.702 

30.0 
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2,4 o 8 
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TABLE 1.- COEFFIGIBn; FUNCTIONS F, 0 , AND H AND 
VAHIABEES S, -AHD 5 - Concluded 


B 

(deg) 


^3 

°1 

<^2 

*^3 

=1 



S 

3 

5 





“ 30 °j U3^/C 

- O.7O; - 3.85 


37.2678 

2.9101 

0.1365 

- 2.6024 

-0.6856 

-0.2198 

7.3361 

-8.5699 

-1.0607 

-0.712 

2.009 

U.1S6 

37.25 

2.9175 

.1367 

- 2.5948 

-.6927 

-.2192 

7.4975 

-8.6338 

- 1.0485 

-.713 

2.010 

11.197 

37 

3.0255 

.1405 

-2.4950 

-.7837 

-.2116 

9.'^80 

- 9.4811 

-.8814 

-.722 

2,019 

11.351 

36.75 

3 .i 4 o 8 

.1448 

-2.4062 

-.8608 

-.2048 

U-913 

-10.167 

-.720 

-.731 

2.029 

11.512 

36.5 

3.2642 

.1494 

-2.3271 

-.9265 

-.1986 

14.078 

-10.723 

-.562 

-.740 

2,039 

11,679 

36.^ 

3.3968 

.1543 

-2.2561 

-.9831 

-.1929 

16.245 

-11.190 

-.407 

-.748 

2.050 

11.851 

36 

3.5399 

.1596 

-2.1921 

-1.0321 

-.1877 

18.438 

-11.550 

-.254 

-.756 

2,062 

12,027 

35.75 

3.6946 

.1655 

-2.1342 

-1.0750 

-.1830 

20.678 

- 11.841 

-.100 

-.764 

2,074 

12.207 

35.5 

3.8627 

.1719 

-2.0818 

-1.1129 

-.1786 

22.990 

-12.053 

.054 

-.772 

2.086 

12,390 

35.25 

4.0461 

.1790 

- 2.0341 

- 1.1467 

-1747 

25.396 

-12.213 

.212 

-.780 

2,099 

12.575 

35 

4.2471 

.1869 

-1.9907 

-1.1771 

-.1710 

27.923 

-12.318 

.373 

-.783 

2.112 

12.762 

34.75 

4.4686 

.1956 

-1.9509 

- 1.2049 

-.1676 

30.603 

- 12.365 

.539 

-.796 

2.126 

12,951 

34.5 

4.7138 

.2052 

- 1.9146 

-1.2306 

-.1646 

33.472 

- 12.373 

.713 

-.803 

2 .l 40 

13.142 

34.25 

4.9871 

.2160 

-1.8813 

-1.2547 

-.1617 

36.570 

-12.338 

,896 

-.810 

2,154 

13.334 

34 

5.2937 

.2283 

-1.8509 

-1.2776 

-.1591 

39.951 

-12.271 

1.090 

-.817 

2.169 

13.527 

33.75 

5.6403 

.2422 

-1.8230 

-1.2997 

-.1567 

43.679 

- 12.164 

1.299 

-.824 

2,184 

13.722 

33.5 

6-0354 

.2581 

- 1.7975 

-1.3213 

-.1544 

47.832 

-12.023 

1.527 

-.830 

2.199 

13,917 

33.25 

6.4902 

.2765 

- 1.7742 

-1.3427 

-.1525 

52.517 

-11.853 

1.777 

-.836 

2.215 

14,113 

33 

7.0198 

.2979 

-1.7530 

- 1.3643 

-.1506 

57.872 

- 11.645 

2.057 

-.842 

2.231 

14.310 

32.75 

7.6444 

.3234 

- 1.7336 

-1.3863 

-.1489 

64.085 

- 11.409 

2.374 

-.847 

2.247 

i 4,503 

32.5 

8.3925 

.3540 

-1.7161 

-1.4090 

-.1474 

71.419 

-11.138 

2,742 

-.852 

2.264 

14,707 

32.25 

9.3056 

.3915 

-1.7004 

- 1.4325 

-.1461 

80.252 

-10.839 

3,175 

-,856 

2.281 

14.907 

32 

10.445 

.438 

-1.6863 

- 1-4573 

-.1448 

91.152 

-10.506 

3.701 

-.859 

2.299 

15.109 

31.75 

11.909 

.499 

-1.6739 

- 1.4835 

-.1438 

105.002 

-10.136 

4.357 

-.861 

2,317 

15.314 

31.5 

IJ.853 

.579 

- 1.6628 

- 1 . 5 U 4 

-.1427 

123.285 

- 9.738 

5.211 

-.862 

2.336 

15.522 

31.25 

16.533 

.692 

-1.6531 

- 1 . 54 i 4 

-.1417 

148.656 

-9.301 

6.379 

-.861 

2.355 

15,735 

31 

20.663 

.861 

- 1.6460 

- 1.5735 

-.I 4 l 6 

186.431 

-8.828 

8.099 

-.858 

2.375 

15.956 

30.75 

27.473 

1 .i 43 

- 1.6406 

-1.6083 

-.i 405 

249.018 

-8.310 

10.921 

-.852 

2.395 

16,189 

30.5 

41.074 

1.708 

-1.6357 

- 1.6461 

-. 14(5 

373.615 

- 7.751 

16.496 

-, 84 l 

2 . 4 l 6 

16.443 

30.25 

30 

81.862 

3 . 4 o 2 

-1.6331 

-1.6872 

-.l 4 o 4 

746.260 

- 7.148 

33.084 

-.820 

2.438 

2.461 

16.743 








W 






Oso - 30°; Us^Jc 

» 0 . 75 ; l' 5 ° ” 5.011 





35.6310 

3.7333 

0.1158 

- 1.9555 

-0.6906 

-O.1B30 

27.724 

-12.093 

-0,7734 

-0.782 

2.090 

12,060 

35.5 

3.8244 

.1184 

-1.9027 

-.7446 

-.iBol 

29.898 

-12.720 

-.6579 

-.785 

2.095 

12.191 

35.25 

4.0102 

.1237 

-1.8119 

-.8349 

-.1749 

34.082 

-13.732 

-.4409 

-.190 

2.105 

12,451 

35.0 

4.2134 

.1295 

-1.7323 

-.9116 

-.1702 

38.352 

- 14.537 

-.2260 

-.193 

2.116 

12.725 

34.75 

4.4369 

.1359 

-1.6620 

-.9774 

-.1660 

42.773 

-15.168 

-.0105 

-.799 

2.128 

13.010 

34.5 

4.6841 

.1431 

- 1.5997 

-1.0345 

-.1622 

47.416 

-15.651 

.2078 

-.803 

2 .l 4 l 

13.305 

34.25 

4.9593 

.1511 

- 1.5442 

- 1.0846 

-.1587 

52.349 

-16.005 

.4315 

-.807 

2.155 

13.610 

34 

5.2677 

.1600 

-1.4947 

-1.1292 

-.1556 

57.665 

-16.247 

.6641 

-.810 

2.170 

13.923 

33.75 

5.6161 

.1702 

- 1.4505 

-1.1695 

-.1527 

63.4^ 

-16.390 

.9034 

-.813 

2.185 

14.244 

33.5 

6.0129 

.1818 

- 1 . 4 l 08 

-1.2065 

-.1502 

69.861 

-16. 443 

1.1689 

-.816 

2.201 

14.573 

33.25 

6.4695 

.1951 

-1.3751 

- 1.2410 

-.1478 

77.030 

-16.415 

1.4505 

-.818 

2.217 

14.909 

33 

7.0006 

.2107 

-1.3432 

-1.2738 

-.1453 

85.i4o 

-16.303 

1.7597 

-.820 

2.234 

15.252 

32.75 

7.6269 

.2292 

-1.3145 

-1.3055 

-.1438 

94.595 

-16.135 

2.1054 

-.821 

2.252 

15.602 

32.5 

8.3768 

.2513 

-1.2889 

-1.3367 

-.1422 

105.67 

-15.892 

2.4994 

-.822 

2.270 

15.958 

32.25 

9.2914 

.2783 

-1.2662 

-1.3679 

-.1407 

118.97 

-15.582 

2.9592 

-.822 

2.289 

16.325 

32 

10.4326 

.3120 

- 1.2460 

-1.3996 

-.1393 

135.02 

- 15.208 

3.5095 

-.821 

2.308 

16.701 

31.75 

11.8975 

.3554 

-1.2283 

-1.4324 

-.1382 

156.11 

-14.768 

4.1905 

-.819 

2,328 

17.089 

3 X .5 

13.8478 

.4132 

-1.2130 

- 1.4666 

--I372 

183.48 

-14,263 

5.0679 

-.816 

2.349 

17.493 

31.25 

16.5752 

.4932 

-1.2001 

-1.5028 

-.1363 

221.44 

-13.691 

6.2601 

-.810 

2.371 

17.918 

31 

20.662 

.615 

-1.1894 

- 1-5415 

-.1356 

277.91 

- 13.048 

8.004 

-.802 

2.393 

18.369 

30.75 
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Figure 4 .- Variation of ratio of^ curvature with iM°. Data for nig, 
Pg, and hg taken from reference 7. 



Figure 5 


Free -stream Mach number, M° 

- Variation of ratio of curvature with in two- 
dimensional case. 
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